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Chapter 1 
INTRODUCTION 
Grinding is one of the oldest manufacturing processes. Already since the Stone 
Age grinding was used to sharpen the tools of the prehistoric man. Wooden 
arrows were sharpened by rubbing it on gravel. Later harder stone was ground 
with relatively soft sandstone to obtain axes. In the Middle Ages watermill 
driven grinding stones were used to produce tools, ploughs and weapons. 
Despite of the drawings of Leonardo Da Vinci around the year 1500, the first 
actual grinding wheel was manufactured just as late as the 19th century. 
Looking at the history of grinding it is clear that the whole evolution of the 
grinding process is in line with the discovery of new and harder abrasives: from 
gravel and sandstone via natural oxides such as corundum to diamonds and 
synthetic carbides  [1]. 
By the discovery of synthetic abrasives such as silicon carbide, in the late 19th 
century, the development of the grinding process made a major breakthrough. 
The first commercial activities started during that time. From that period the 
research on grinding developed in two different directions because of the 
complexity of the whole process. Industry focussed on practical solutions and 
therefore large databases of all kinds of machining problems were designed [2]. 
The solutions were mainly based on empirical and semi-empirical relations 
between processing parameters and the final result. Even now, the quality and 
productivity depends still on the experience of the operator.  
Nevertheless in the sixties of the 20th century, the first models on grinding were 
proposed. Most of these first models were based on the two dimensional 
topography of the grinding wheel. One of the main difficulties was to get the 
actual profiles and to find the active cutting edges from the profiles. By the 
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development of more powerful computers the models started to extend to 
better statistics and later to full three-dimensional models. Still one of the major 
goals is to predict the evolution of or the change in materials properties during 
the grinding process based on materials constants and the processing 
parameters [3,4]. 
In the current century grinding is still often involved in the manufacturing of 
many products and components because the shaping technology such as 
sintering is not as accurate as required by the size specifications. The grinding 
type of machining process is almost chosen exclusively for finishing purposes 
since grinding has a high material removal rate combined with a relatively high 
precision. However, it is well known that the process may induce damage at the 
machined surface. This damage may affect the functional properties of the 
material being ground. For example the cracks may reduce the mechanical 
strength of a component, the residual stress may change the magnetic 
permeability by magnetostriction [5] and phase changes can influence the 
paintability of the material. This thesis is therefore focused on fundamental 
aspects of grinding to predict the changes in materials properties.  
We will present a new model that is verified with experimental results. The 
model is based on the statistics of the three dimensional topography of the 
grinding wheel and the interaction of a single abrasive grain with the 
workpiece [6]. New profilometer techniques like scanning confocal microscopy 
make it possible to record surface profiles with very steep angles in a short 
time. Therefore it is now possible to obtain all the cutting edges of the abrasive 
grains on the grinding wheel, which are used to describe the statistical 
properties of the grinding wheel. As a result of faster computers with larger 
memory it is possible to do real time simulations of the grinding process 
including the calculation of the surface roughness, grinding forces and even 
residual stresses. Furthermore, the residual stresses can be used to estimate the 
change in magnetic permeability or the change in piezoelectric properties of the 
material. 
In order to verify the grinding model two different materials were used for the 
grinding experiments: cemented carbides (cobalt – tungsten carbide) and MnZn 
ferrite. Both materials have a different industrial background and have different 
applications. Also from the materials point of view it is interesting to study the 
grinding process of both materials since the mechanical properties are quite 
different. It is therefore expected that they exhibit different material removal 
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behaviour and thus the damage induced at the machined surface also may be of 
another type. The material removal behaviour can be studied by scratch tests 
since the grinding process can be assumed as the superposition of many 
scratches of individual abrasive grains on the surface of the workpiece. 
Cemented carbides or so-called hardmetals are widely employed in dies, 
cutting and drilling tools because of their superb performance. Because of the 
high wear resistance, grinding of these materials with diamond abrasive wheels 
consumes a main part of the industrial produced diamonds [1]. The induced 
residual stresses, defects and plastic deformation will affect the fracture 
strength and therefore the lifetime of the tools. Studying the grinding process 
and material removal behaviour may result in a more efficient way of 
machining [7]. 
MnZn ferrites are often used for magnetic applications such as transformers, 
inductors, filters and video heads because of the high magnetic permeability 
and high electrical resistivity. Grinding of these products is often required to 
smooth the surface or to get accurate dimensional tolerances. It is known that 
during the machining of this ceramic material residual stresses are induced, 
which affects the magnetic properties at the ground surface by magnetostriction 
[5]. Also pullout of grains and fracture plays an important role in the formation 
of a smooth surface [8]. The scanning confocal microscope allows us to study 
the profile of the ground surface of these ceramics where pullout and fracture 
lead to steep surface slopes. Because of the high depth of focus of a scanning 
electron microscope, it can be used to image the ground ceramic surfaces with a 
high roughness. 
Finally the results of the grinding model are compared with the real grinding 
experiments. As is demonstrated in this thesis it is possible to predict changes 
in the functional properties of materials after grinding reasonably well. 
However, certain assumptions were made during the simulations regarding the 
rigidity of the grinding wheel and materials properties like elasticity. But it is 
still necessary to know many details of the materials to be ground. Properties 
like average grain size, microstructure, hardness, fracture toughness and elastic 
modulus are essential for the estimation of the residual stress, number of cracks 
and so on.  
In chapter 2 the basic concepts of grinding will be discussed and also the 
experimental tools will be described in this chapter. In the next chapter the 
model will be presented including some general results of the simulations. The 
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outcome of the grinding experiments on the tungsten carbide hardmetals will 
be illustrated in chapter 4. In chapter 5 some results of ground MnZn ferrites 
will be shown.  Finally in the outlook we will seek for further developments 
and new applications in grinding and the modelling of grinding. 
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Chapter 2 
BASIC CONCEPTS 
In this chapter, the basic concepts of the grinding process are elaborated. Grinding 
models will be introduced and in addition, the experimental techniques like confocal 
scanning optical microscopy, electron microscopy and X-ray diffraction that were used 
to analyse the results of the real grinding experiments will be described.  
2.1 INTRODUCTION  
All classes of machining processes have one thing in common: removing 
unwanted material from the workpiece. Grinding is often used as surface finish 
after the production of materials and products. Most grinding processes are 
similar, however, the operation may vary according to the wheel shape, 
motions, etc. During the process an abrasive surface is pressed against the 
workpiece and then, by moving either the abrasive surface or the workpiece, 
material is removed by mechanical action of irregularly shaped abrasive grains 
in all grinding operations. 
In this chapter, first an introduction is given to the overall grinding process and 
then some basic models of the grinding process are reviewed. Those models 
were proposed in order to estimate roughness values, grinding energy, wheel 
wear and grinding forces. Most of the models were based on geometrical 
assumptions and the kinematics of the grinding process. An important 
deficiency of those models is the assumption of a uniform distribution of grains 




The surfaces of ground materials were studied using various techniques. 
Scanning electron microscopy (Philips XL30FEG SEM) was applied to study the 
morphology and material removal behaviour. Scanning confocal microscopy 
was used to study the topography and roughness after the grinding process. X-
ray diffraction was employed to determine the mechanically induced residual 
stresses. Defects at the machined surface were quantified by positron 
annihilation experiments. Finally, some magnetic measurements were 
performed to monitor the changes in magnetic properties after grinding. 
2.2 GRINDING MODELS AND THEORY 
In this section, the basic principles of the grinding process, the grinding 
machine and grinding models are explained and also the analysis of the ground 
surface is described.  
2.2.1 Basic principles of the grinding process and the grinding machine 
The grinding experiments were performed on a Jung JF415 grinding machine 
for straight/plane surface grinding. The basic setup of such a grinding machine 
is shown in figure 2.1. The important parts of the machine are the grinding 
table, grinding wheel, coolant nozzle and controller unit. The specimens are 
mounted on a magnetic table (2), which can move in the y-direction. The height 
z is adjusted (4) in such a way that the thickness of the removed layer, i.e. the 
depth of cut, is fixed relatively to the most protruding grain on the grinding 
wheel (1). This is done by slowly rotating the wheel and gradually decreasing 
the distance between the wheel and the workpiece. When the most protruding 
grain hits the surface, a noise is produced and the level is set. The sample is 
then centred in x-direction, with respect to the width of the grinding wheel (5). 
A magnified impression of the interaction of the grinding wheel with a 
specimen is presented in figure 2.2. It should be noted that the diameter of the 
wheel in this figure is not presented in original proportions; in reality, the 
radius is much larger than the thickness of the removed layer. Essentially, a 
grinding wheel consists of a large number of abrasive particles, called grains, 
held together by a suitable agent, the bond. The cutting process of a grinding 
wheel may be regarded as a multi-interacting cutting tool with a cutting action 
similar to that of a milling cutter, except that the cutting points are irregularly 
shaped and are randomly distributed over the wheel surface.  
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The grinding wheels (with diamond abrasives in a metal or resin binder) are 
first dressed and then used on waste samples in order to run in the wheel 
before the actual grinding experiments. This dressing process and the running 
in of a wheel is important for the stabilisation of wheel wear. During the 
dressing process, material is removed from the grinding wheel and fresh 
diamond grains will appear at the surface of the wheel. A freshly dressed 
grinding wheel contains therefore sharp abrasives that will break during the 
first use of the wheel. Then the wheel stabilises for a certain time, depending on 
the grinding load, and at the end of the lifecycle of the grinding wheel, many 
abrasive grains are worn and blunted. Then it is necessary to dress the wheel 
again before further use. The grinding experiments are performed during the 
(statistical) steady state of the grinding wheel. 
figure 2.1: The grinding machine. 
The grinding machine is of the type of the Jung JF series for surface grinding (Jung JF 415)
installed at the university of Eindhoven (TU/e). (1) Grinding wheel (2) Mounting table for
the specimens (3) Nozzle for the infeed of coolant (4) Adjustment screws for the wheel (5)
Position adjustment (6) Controller of the grinding machine. The x, y and z arrows denote













During the grinding process, a water-oil emulsion is used to cool the specimen. 
Therefore burnout and thermal damage of the surface layer can be avoided. 
This coolant can be injected at different positions. For this specific grinding 
operation, the coolant is injected parallel to the grinding direction at the cutting 
interface (No 3 in figure 2.1). The specimens are glued on a steel plate with hot 
wax (dissolvable in acetone) and mounted on the specimen table of the grinding 
machine (No 2). In order to get a homogeneous depth of cut over the whole 
surface of the specimen it should be precisely aligned relative to the wheel 
surface. Throughout this thesis, a single pass surface grinding is used for the 
grinding experiments. However, most relations can be generalised to other 
grinding configurations. 
The main parameters that are varied in order to control the surface quality of 
the ground specimens are indicated in figure 2.2. The depth of cut dcut, i.e. the 
thickness of the removed layer, is a parameter that controls the material 
removal behaviour of the specimen. The ratio between the rotational speed vs of 
the grinding wheel and the translational speed of the workpiece vw can be 
optimized for surface roughness, but also for the total energy input used for 
grinding and for thermal effects (burn out, surface melting) on the specimens.  
figure 2.2: Schematic picture of the grinding wheel on the specimen. 
The grinding wheel rotates clockwise or counter clockwise in such a way that the movement
of the cutting grains is in the direction of the movement of the workpiece or in opposite
direction which is referred to as downward and upward grinding, respectively. Material is
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2.2.2 Grinding models 
This paragraph will summarise the simple models that are available from the 
literature to predict the roughness from the processing parameters during the 
grinding process. A good overview is given by Malkin [1] and Verkerk [2]. 
These models usually describe the chip geometry during the process. A chip is 
the part of material that is removed by a single abrasive grain. Based on 
geometrical analyses, it is possible to estimate the roughness values. However, 
in these models, no random distributions of abrasives are used, and therefore it 
is only a lower limit of the roughness predictions.   
In this chapter as well as in chapter 3 only horizontal surface grinding will be 
considered. The basic scheme of the plane surface grinding process is depicted 
in figure 2.2 (see also figure 3.1). A grinding wheel of radius Rs is rotating at a 
peripheral velocity vs. During the movement of the workpiece with speed vw, a 
layer with thickness dcut is removed from the specimen. The contact length lc 
between the wheel and the workpiece can be written in terms of depth of cut 
and wheel radius. With the assumption that the depth of cut is much smaller 
than the radius of the wheel (dcut<<Rs) the relation results in  
= 2c cut sl d R  (2.1)  
It should be stressed that in most figures, the depth of cut 10 µmcutd ≈  is 
exaggerated with respect to the radius of the wheel 10 cmsR ≈  in order to show 
the details of the mechanics involved in the process. In the next step the cutting 
path will be calculated by analysing the cutting geometry, see figure 2.3. It is 
assumed that all cutting grains are equally spaced on the abrasive wheel by a 
distance L. If all movements are translated to the grinding wheel, the 
assumption can be made that in successive time steps the origin (centre) of the 
grinding wheel moves from O(t0) to O(t0+dt). In the mean while the wheel is 
rotated with an angle θs=ωs·dt=vs·dt/Rs. The path that a single grain follows with 
respect to the workpiece can be described by a superposition of a translation 
and a circular movement. The total cutting path can mathematically be 
presented as a trochoid.  
The distance that a grain will travel along the y-direction before a successive 










The movements of the cutting points relative to the workpiece coordinate 
system y-z, i.e. the rotational and translational movements, can be split in y- and 


















for the horizontal y and vertical z movements, respectively, as the wheel rotates 
through the angle θ * . The part in y after the ± sign can be seen as the distance 
that the wheel is moving along the y–direction during the time that it rotates 
through the angle θ * . 
figure 2.3: Schematic of the undeformed chip geometry. 
A grain on the grinding wheel rotates with velocity vs. In the same time the workpiece is
moving with a velocity vw. If all movements are translated to the grinding wheel, the
assumption can be made that in successive time steps the origin of the grinding wheel moves
from O(t0) to O(t0+dt). In the meanwhile the wheel is rotated with an angle
θs=ωs·dt=vs·dt/Rs. Note that the depth of cut in the figure is exaggerated with respect to the
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If the speed of the workpiece is much smaller than the rotational speed of the 
grinding wheel (vw<<vs), the angle θ *  is very small and *sinθ can be 
approximated by θ * and ( ) 2* *1 cos 2θ θ− ≈ using a series expansion. Finally, the 
trochoidal cutting path can be approximated by a parabola, relative to a 















with Rs the radius of the grinding wheel, vw the speed of the workpiece, vs the 
speed of the grinding wheel and y, z the coordinates as defined in figure 2.3. 
The error that is made by this simplification depends on the turning direction of 
the wheel and is negligible if the wheel speed vs is much higher than the speed 
of the workpiece vw. For up-grinding (+ sign), the real curvature is bigger than 
the wheel radius and smaller than the wheel for down-grinding (- sign).  
Roughness along the grinding direction 
The ideal surface roughness along the grinding direction can be determined by 
further elaboration on the basic grinding model and cutting geometry. The peak 
to valley roughness Rt can be calculated when the depth of cut is larger than the 
expected roughness value (dcut>Rt). Additionally, the assumption is made that 
all material that an abrasive grain encounters on its path is removed from the 
workpiece, i.e. there is no pullout or pile-up at the side of the grooves. The 
spacing s between the ridges that are formed by successive grains, as indicated 
in figure 2.4, is given by equation (2.2). Rt can be calculated using the 
formulation of the cutting profile in equation (2.4). The profile has a maximum 
at y=s/2 and the relation between the peak to valley roughness and the 
processing parameters is then readily derived: 
 
= = 

















When the speed of the grinding wheel is much higher than the infeed of the 
workpiece (vs>>vw), which is usually the case in normal grinding operations, 
equation (2.5) can be reduced to: 
 











Using an equation for the calculation of Ra, explained in more detail in next 
paragraph, the arithmetic roughness can be calculated by integrating equation 
(2.4) (notice that again the assumption (vs>>vw) is made), and finally this results 
figure 2.4: The roughness formation during the grinding process.  
The ratio between the speed of the grinding wheel vs and the speed of the workpiece vw
determines the undeformed chip thickness and therefore the roughness along the grinding
direction. a: low vw/vs ratio and therefore small Rt value. b: high vw/vs ratio. c: surface profile
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in: 
 











From equations (2.6) and (2.7) the conclusion can be drawn that the ratio 
between the velocity of the workpiece and the speed of the grinding wheel 
vw/vs, and the average grain spacing L on the wheel are mainly dominating the 
formation of roughness during the grinding process. However, so far some 
aspects are not properly addressed in the one-dimensional model. First of all 
the cutting points are randomly distributed on the grinding wheel and secondly 
also the height of the cutting grains is distributed randomly. This random 
height distribution and supplementary vibrations of the grinding wheel will 
have a serious influence on the ideal roughness values as shown in figure 2.4c. 
In addition, no materials properties or specific material removal behaviour, 
such as chipping, cracking etc. is included, which may have a serious influence 
on the roughness values (as is shown in chapter 4 and 5). 
Roughness perpendicular to the grinding direction 
Roughness in the traverse direction to the grinding direction can be calculated 
using a similar analysis. Often the roughness traverse to the grinding direction 
is found to be somewhat higher than along the grinding direction. The typical 
wavelengths found on the surfaces are usually in both directions different: the 
wavelength in the grinding direction is generally longer. The roughness 
traverse to the grinding direction has been modelled by many researchers [3-8]. 
Bhateja [7] used an approach where he started with n profiles measured 
perpendicular to the grinding direction on the grinding wheel, i.e. in the x-
direction. By overlaying i of such profiles as shown in figure 2.5, where i is 
depending on the processing conditions, a new resulting profile can be obtained 
by minimizing the summation. The surface is then progressively smoothed by 









where i is the number of profiles and R0 is the average roughness value of a 
single profile. R
∞
is the lowest roughness that can be obtained, using a specific 
grinding wheel, when an infinite number of profiles of the wheel encounters the 
surface, i→∞ . The value R
∞
depends on the morphology of a grinding wheel 
( 0R
∞
> ). The number i can be calculated using the spacing L between the 
profiles, the contact length Le between the grinding wheel and the workpiece 
and accounting for the speed of the wheel and workpiece. The first choice for 
the arc length would be the contact length 2c s cutL R d=  from equation (2.1). 
However, from figure 2.5 it can be concluded that the depth of cut dcut does not 
affect the ideal surface roughness. Therefore, a better option for the arc length Le 
is to use 2e s tL R R= , where the peak to valley roughness Rt is used instead of 
the depth of cut dcut [3]. The number of profiles is then: 
= =
2 s ts e s
w w
R Rv L vi
v L v L
 (2.9) 
Using the fact that the arithmetic roughness is a fraction of the peak to valley 
figure 2.5: The enveloping profile model after Bhateja [7]. 
Model for the prediction of the surface roughness perpendicular to the grinding direction.
The profile can be determined by the cumulative grinding action of successive, perpendicular
profiles of the grinding wheel. The number of profiles 1<i<n depends on the grinding
parameters. The gray shaded area is the part of material that has been removed by the i-1th







  BASIC CONCEPTS 
 
  15 
roughness, i.e. t aR mR= with m>1, then within a practical range of the surface 














Again, the roughness depends on the ratio of the velocities. 
2.2.3 Roughness analysis 
The measurement of surface texture is often divided in three parts: surface 
roughness, waviness, i.e. the long wavelengths, and overall shape of the object. 
The surface roughness can be analysed using techniques like atomic force 
microscopy and stylus profilometry or the non-contacting methods like laser-
profilometry and confocal microscopy. It is well known that the surface texture 
changes when different kinds of surface processes are applied. In order to 
quantify these changes well-defined parameters should be chosen [9].   
The most common roughness parameters that are used thoughout this study 
are the arithmetric average Ra, the root mean square roughness Rq and the 
maximum peak to valley height Rt. These standard roughness parameters are 
defined as follows: 
( )


















R z x z x dx z z
L N




= − ≈ −




where Lx is the profile length and z the height fluctuation as a function of 




z z dxL= ∫  but more often the 
mean line is chosen for z  by which the roughness values are corrected for 
inclined surfaces. The skewness Rsk and the kurtosis Rku, which are the third 
moment and fourth moment of the roughness, respectively, are used to 
illustrate deviations of the height distribution relative to a Gaussian height 
distribution. The skewness is used to show asymmetry in the height 
distribution, i.e. for negative skewness Rsk<0 the distribution has a long tail at 




kurtosis represents the peakedness of the distribution (Rku=3 is Gaussian, Rku<3 
broader than Gaussian distribution). 
The bearing curve, after Abbott [10], is essentially the cumulative height 
distribution where the horizontal axis is the bearing area (%) and the vertical 
axis is the surface height. The bearing curve can be written as:  
( ) ( )
h
P z h p z dz
∞
≥ = ∫  (2.12) 
where p(z) is the normalised height distribution.  
Different rough surfaces may have the same height distribution p(z) and Ra 
values because most of the parameters described above are only sensitive for 
the height fluctuations and not for spatial frequency at which the height 
fluctuations takes place, i.e. in most roughness parameters the lateral spacing is 
not included. Therefore the surface is analysed using the height-height 
correlation function G(r) in equation (2.13) and from this curve the Hurst 
exponent H, 0 1H≤ ≤ , and the correlation length ξ can be determined [11,12]. 
The Hurst exponent H is calculated from the straight left part of the curve. The 
correlation length ξ is determined from the intersection of two fitted lines as 
shown in figure 2.6. The exponent H=1 corresponds to a rather smooth random 
figure 2.6: Height-height correlation function and method to determine H and ξ. 
The Hurst exponent H can be determined from the height-height correlation function G(r) by
fitting a straight line to the left part of the curve. The correlation length ξ is determined from
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surface with Gaussian correlation, where for H=0 the surface is very rough and 
irregular. In general, H is not a direct measure of the surface roughness but 
rather shows how the roughness changes when the lateral length, i.e. step r 
along the surface, over which it is measured changes. In this analysis, it is 
assumed that the rough surface is a fractal up to a lateral correlation length ξ. ξ 
corresponds therefore to the characteristic features like ridges on the surface.  
( ) ( ) ( ) 2 2 for r<HG r h x r h x Ar ξ= + − ≈    (2.13) 
In this equation h(x) is the height fluctuation around the mean line as a function 
of position x, r is an arbitrary spatial distance along the x-axis, and A is a scaling 
factor with H the Hurst exponent. The equation shows that for r<ξ the height 
fluctuations are correlated to the lateral distance r. In practice, the height-height 
correlation function is plotted versus r on a log-log scale with r varying from 
the sampling distance dx up to the profile length. Fitting a straight line for r<ξ 
will yield the Hurst exponent H. 
2.2.4 Materials response during the grinding process 
This section is intended to provide a short overview of research developments 
in the material removal mechanism during abrasive processing. In particular, 
attention is paid to the interactions between a single abrasive grain with the 
workpiece. Abrasive or grooving wear can be defined as the wear due to the 
penetration of hard particles or surface asperities into the softer surface of the 
solid in sliding contact [13]. Four different wear mechanisms have been 
identified as presented in figure 2.7. However, during the grinding process, 
especially for low depth of cut, the first of these wear mechanisms, i.e. 
microploughing, is most likely to happen for relatively ductile materials. 
Depending on the materials properties, in particular the facture toughness KIC, 
other types of material removal may occur, like in grinding ceramics, which 
will be discussed in more detail in chapter 5. The cumulative action of 
neighbouring abrasive grains may be different since the applied stress field may 
be different and therefore the crack growth direction or the deformation 
mechanism may be different.  
During ideal ploughing of materials, material is continuously displaced 
sideways to the groove and no material is detached from the surface. However, 




micro-fatigue. The ridges at both sides are usually referred to as pile-up. The 
ratio of volume of removed material to the volume of the wear groove Av can be 








=  (2.14) 
For ideal ploughing fab=0, for ideal cutting the ratio fab=1 which means that all 
material is removed from the path that an abrasive particle encounters. When 
microcracking occurs, like in ceramics, fab>1. The wear mode depends on the 
attack angle of the abrasive particle (see figure 2.8) and the ratio between the 
shear strength of specimen τ and the shear strength of the abrasive particle k, 
i.e. kf kτ τ= .  
figure 2.7: Deformation mechanisms for abrasive wear (Zum-Gahr [13]). 
The wear modes for abrasive wear: a: ideal ploughing; material is moved sideways and there
is no material loss. b: cutting; all material is removed from the enveloping path of the
abrasive. c: as a result of repeated ploughing, micro-fatigue may take place. d: cracking may
occur in brittle materials and chips of material can be removed from the specimen by brittle
fracture. The total pile-up is the total area (A1+A2) presented in a, also the groove volume Av
is indicated in a. 
a ploughing b cutting
c fatigue d cracking
A1 A2
Av
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To identify which wear mode is most likely to happen, Hokkirigawa [14,15] 
made a wear mechanism map [16,17]. In this map, based on empirical 
assumptions, the attack angle θ or degree of penetration Dp is plotted versus the 
ratio kfτ  and from the map, one can read the mode of deformation given the 
shear strength of the material and the type of abrasive particles. For brittle 
materials, the ratio kfτ  will in general be small, which means that cutting 
already starts at lower critical cutting angles. For ductile materials, the 
ploughing mode may first change to wedge formation where the material is 
moved in front of the indenter instead of sideways and then to the cutting mode 
at somewhat higher critical attack angles. It should be mentioned that strain 
rates are not considered in this basic model. 
2.3 EXPERIMENTAL METHODS 
In this section, the main experimental tools that were used for the grinding 
experiments will be explained. Equipment like scanning confocal optical 
microscopy, scanning electron microscopy and X-ray diffraction play a 
figure 2.8: Abrasive wear modes, after Hokkirigawa [14]. 
When a single abrasive particle interacts with the surface of a specimen, different wear 
modes can be identified. These modes depend on the attack angle θ (or degree of penetration
Dp) and the shear strength of the materials involved. From the graph, it can be concluded























































dominant role in the analysis of ground surfaces. The use of these instruments 
will result in information of the surface quality in terms of morphology, 
roughness and residual stress state. Some other techniques were used in order 
to quantify the change in magnetic permeability and to quantify the number 
and size of (crystal) defects at the machined surface. 
2.3.1 Scanning confocal microscopy 
Confocal microscopy is well known from the field of (cell) biology where the 
technique was used to create 3D images of cells. Only recently, a growing 
interest in confocal microscopy appeared in the field of materials science in 
order to study morphology, surface roughness and phase changes in materials. 
The advantages of the confocal optical microscope are a higher contrast and 
better depth of focus compared to conventional optical microscopy. Further 
benefits of the confocal microscope are the enhanced lateral resolution (20%) 
and the possibility to record surfaces with steep surface slopes [18,19]. This 
instrument allows a fast and accurate 3D non-contact characterisation of 
engineering surfaces and therefore the roughness of ground surfaces and the 
profile of the grinding wheels can be studied. 
 The basic principle of the confocal microscope, first described by Minksy in 
1957, is presented in figure 2.9 [20]. The principle works by the defocusing 
effect when light is reflected from a specimen: Light is emitted by a laser or a 
white light source and after passing the illumination pinhole and the 
beamsplitter (BS), the beam is focused on the specimen by the objective lens. 
The beam will then be reflected back through the objective lens on the beam 
splitter. Then the light is collimated by the confocal pinhole in the detector. The 
dashed lines denote the light trajectories when the specimen is not completely 
in focus. The light intensity of the beam through the confocal pinhole, and 
therefore on the detector depends on the (height) position of the focal plane. 
When the sample surface is out of focus part of the reflected beam will be 
blocked by the detector pinhole and as a result, the light intensity on the 
detector decreases.  
The depth response I(z), i.e. the intensity of light on the detector, can be written 
as a function of the relative position of the focal plane z, see equation (2.15) 
[18,21-23]. The intensity depends also on the aperture angle of the objective lens 
and the wavelength of radiation. The depth response has an absolute maximum 
when the object is exactly in focus (z=0).  
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where α  is the aperture angle of the objective, k=2π/λ is the wavenumber with λ 
the wavelength of the radiation, z the defocusing coordinate and I0 the intensity 
on the detector for z=0. The normalised intensity versus defocusing z is plotted 
in figure 2.10a for a 20x objective with a numerical aperture of 0.46 and a 
wavelength of λ=400 nm. The aperture angle can be calculated from the 
numerical aperture NA using α −= 1max sin ( )/2NA . Because of diffuse scattering 
of light, when micro-roughness is involved within the spot size, this maximum 
surface slope that can be measured is increased (αdiff>αmax). The relative height 
figure 2.9: Basic principle of the confocal microscope [22]. 
Light is emitted by a laser or a white light source and is passing though the illumination
pinhole. After leaving the beamsplitter (BS), the beam is focused on the specimen by the
objective lens. The reflected light will pass back through the objective lens on the beam
splitter and is then collimated by the confocal pinhole in the detector. The dashed lines denote














h(x,y) of the surface can be determined from the depth response curve using the 
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 (2.16) 
In a confocal scanning optical microscope the light beam is scanned across the 
surface of a specimen. For each surface point (xi,yj) the depth response curve is 
measured as explained in figure 2.10b. Then the height h(xi,yj) of each point is 
calculated from this curve and a 3D surface topography is obtained. 
For x-y scanning, a Nipkow-disk, which consists of pinholes of 20 µm arranged 
in a spiral way, can be used. The rotating disk is illuminated by the light from 
the collimator and then acts as a multiple point source. Light from each pinhole 
is focused on the specimen and reflected. The illumination pinhole then acts as 
its own detector pinhole, after which the signal is detected by a CCD camera of 
512x512 pixels, see figure 2.11. The objectives are corrected for the Petzval 
curvature (lens aberrations) by scanning a plane mirror of quality λ/10. This 
curvature only depends on the optics of the measurement system. To cancel out 
these aberrations, the 3D image that is obtained by scanning the plane mirror is 
figure 2.10: Depth response curve  I(z) and scanning method. 
a: The depth response curve is calculated from equation (2.15) using a numerical aperture
NA=0.46 (objective 20x) and a wavelength of λ=400 nm. The full width at half maximum
for this curve is approximately 6.5 µm. b: Each focal plane zk is scanned in x and y direction.
Using this method the depth response curve is measured for every surface point (x,y). 
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subtracted from the actual measurements of the specimens.  
In this thesis, a µSurf confocal scanning optical microscope of Nanofocus 
Meßtechnique GmbH was used equipped with a white light source and a 
Nipkow disk for scanning along the x-y plane. For the scanning of the vertical 
(z-) axis a steppermotor with a resolution of dz=0.1 µm or a piëzo-scanner with 
a resolution of dz=0.01 µm is used. The properties of the objectives and the 
corresponding resolutions are listed in appendix 2. An example of a measured 
3D topography is presented in figure 2.12.  
figure 2.11: Schematic set-up of confocal scanning optical microscopy [22]. 
The confocal scanning optical microscope (CSOM) based on a multiple pinhole mask (a
Nipkow disk). The rotating disk is illuminated by a plane wave. The multiple-point source is
focused on the specimen and then reflected back on the Nipkow disk. The multiple pinholes
















2.3.2 Scanning electron microscopy 
Electron microscopy is often used to study the surface morphology of 
engineering surfaces as well as for the study of cracks, metallurgical phases, 
microstructure and grain sizes [24]. In scanning electron microscopy (SEM) an 
electron beam is focused and scanned across a sample’s surface. When the 
electrons hit the specimen, a variety of signals is generated due to the 
interaction of a primary electron with matter. Every signal recorded by one of 
the detectors gives specific information of the surface of the specimen or its 
chemical content.  
A schematic figure of a scanning electron microscope is presented in figure 2.13. 
In a FEG-SEM electrons are generated by the field emission (electron) gun using 
a high electrostatic field. Then the electrons are accelerated with an energy 
between 1 keV and 30 keV down the column towards the specimen. The 
magnetic lenses (condensor lens and objective lenses) focus the beam to a spot 
with a diameter of approximately 1-10 nm on the specimen. The electron beam 
is swept over the surface of the sample by the scanning coils. The magnified 
image is formed by relating the detector signal to the position of the beam. 
Secondary electrons are produced when loosely bound atomic electrons are 
released by the interaction with a primary electron. These secondary electrons 
figure 2.12: Example of a 3D topography. 
The 3D topography of ground WC-10wt%Co and the typical 2D profile perpendicular to the
grinding direction using. The 50x/0.80 objective of the confocal microscope was used to
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have a small mean free path because of the low energy they have. Therefore, the 
information is coming from a shallow depth (~10 nm). The signal of the 
backscatter electron detector is formed by the scattering of primary electrons 
from the electron beam with the nucleus of an atom of the material. With 
increasing atom number, the intensity of the backscattered electrons is 
increasing and hence the signal contains information on chemical composition. 
Because of the higher escape depth (~1 µm) of backscattered electrons the 
resolution of the image is not as good as for the secondary electrons.   
Energy dispersive spectroscopy (X-ray microanalysis) and Auger electron 
spectroscopy are closely related since both start when a primary electron ejects 
a core electron from its shell. In X-ray microanalysis, this ejected electron will be 
replaced by an electron from an outer shell, emitting an X-ray photon with a 
characteristic energy. Measuring the energies of the X-ray photons will yield the 










figure 2.13: Schematic picture of the scanning electron microscope. 
Electrons, that are generated by the field emission gun are accelerated with an energy
between 1 keV and 30 keV and focused by the electromagnetic lenses onto the sample. The
signals that are emitted from the sample are detected by a variety of detectors such as
secondary electron (SE), backscattered electron (BSE), Auger Electron (AE) detectors and an




acceleration voltage. In Auger electron spectroscopy (AES), this X-ray photon 
will be absorbed by an electron in an outer shell of the atom. This electron with 
a characteristic energy is then emitted. This energy is specific for a certain 
element and gives some information on the binding energies of the atom. The 
detected electrons are ejected from a depth up to 1 nm. 
In this study a Philips XL30 FEG-SEM equipped with a secondary electron 
detector, a backscattered electron detector and an energy dispersive X-ray 
spectrometer was used to study the microstructure and morphology of the 
materials before and after grinding. A scanning Auger electron microscope 
(SAM) of JEOL (JAMP 7800F) with a base pressure of 5·10-8 Pa and a beam spot 
size of 20 nm was applied to reveal the composition in the grinding process 
deformed surface layer. Surface cleaning to remove contaminants was 
performed by in-situ ion sputtering with 3 keV Ar+ ions. 
2.3.3 X-ray diffraction and residual stress measurements 
X-ray diffraction is employed to examine the residual strains in the subsurface 
of the ground specimens. The sin2ψ method is used to measure the strains in the 
specimens before and after grinding. The residual stress is calculated from the 
measured strains. The X-ray diffractometer is set up to measure the strains 
perpendicular to the grinding direction, i.e. ϕ=90°.  
X-rays are reflected from certain crystallographic planes in a specimen. This 
phenomenon can be described by a rather simple equation, which is known as 
Bragg’s law as shown in equation (2.17): 
θ λ=2 sinhkld n  (2.17) 
where dhkl is the distance between the (hkl) planes, λ is the wavelength of the X-
rays (λKα1,Cu=1.54060 Å) and θ is the diffraction angle. Usually the first order 
diffraction is taken, n=1. Bragg reflection can occur only for wavelengths λ≤2d. 
For each planar distance and hence crystallographic direction, the diffraction 
angle θ is different.  
If an elastic strain is applied to a (poly) crystalline material by a certain stress, 
the lattice spacings in this material are changed from its stress-free distance d0. 
In X-ray residual stress measurements, this change in lattice spacing is 
determined from the shift in the diffraction peak for a specific crystallographic 
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direction using Bragg’s law defined in equation (2.17) and see figure 2.14 [25-
27]. This shift in lattice spacing can be related to the stress using Hooke’s law.  
The strain φ ψε33,
lab can be written in terms of lattice spacing and is then 
transformed from the laboratory system to the system of the specimen, see 
figure 2.15. After applying Hooke’s law, assuming linear elasticity, the relation 
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If the stress state is biaxial, which is a reasonable assumption because the stress 
perpendicular to a free surface is always zero at the surface and hence the in-
plane stress components are the only components that are non-zero ( 11 0σ ≠ , 
22 0σ ≠ ), then equation (2.18) can be simplified to: 






figure 2.14: X-ray diffraction in a stressed material. 
The residual stress can be determined by X-ray diffraction. The lattice spacing of a certain
crystallographic plane is measured for different ψ angles by fitting a straight line to the d
versus sin2ψ plot  



























In this equation, E is the Young’s modulus, ν is the Poisson’s ratio and d0 is the 
stress free plane spacing and in practice φ ψ ==0 0d d  is chosen, which is satisfied 
because φ ψ − <<0 0d d d  and therefore only a negligible error is made. φψd  
represents the measured lattice spacing, ψ is the angle as defined in figure 2.15 
and σij ‘s are the stress components. Even though the penetration depth of 
X-rays is usually small, the assumption that the stress components normal to 
the surface are negligible within the measured volume is not always valid [28]. 
Ψ-splitting may indicate that the shear stress components 13σ  and 23σ  are non-
zero and more measurements are required to monitor all the stress components 
ijσ of the triaxial stress state. 
For isotropic materials, it is satisfactory to choose the macroscopic values for 
Young’s modulus E and Poisson’s ratio υ. However, it is better to use the plane 
specific X-ray elastic constants. In the case of an elastically isotropic material, 
these can be expressed as 1S Eν= −  and 12 2 (1 )S Eν= +  [26]. In principle, the 
X-ray elastic constants can be calculated from the single crystal elastic constants 
using the Voigt, Reuss or some average approximation [27]. For relative 
comparisons of residual stress states in the same material, it is sufficient to use 
any arbitrary elastic constant since in this case this number will be cancelled 
out.  
The residual stress can be determined by choosing a crystal plane with the 
according 2θ peak. Then the lattice spacings φ ψd of these planes are measured 
and calculated using Bragg’s law for some ψ-angles. The stress φσ  can be 
figure 2.15: The transformation from laboratory to sample coordinates. 
The transformation from the orthogonal system of the Laboratory L1, L2 and L3 to the system
of the specimen S1, S2 and S3. This transformation is defined by the angles ψ and the azimuth
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determined from the gradient of φ ψd as function of sin2ψ by fitting a straight 
line to the φ ψd versus sin2ψ plot as shown in figure 2.14.  
2.3.4 Additional experimental methods 
In this section, a brief summary is given of other experimental techniques that 
were used to study the surface quality of the ground materials.  
Positron annihilation 
Positrons can be used as a non-destructive tool to study materials defects [29-
31]. The specific types of defects that can be studied by probing with positrons 
are vacancies and voids, the so-called volume defects. When a positron is 
trapped somewhere in the material, the positron will annihilate with an electron 
from the vicinity. After the annihilation of a positron with an electron, two 
511 keV γ-photons will be emitted. The spread around the 511 keV energy peak 
contains information of the local electron density and by measuring the 
Doppler broadening of this peak the distribution and density of defects can be 
quantified. Two parameters S and W are often used to describe the broadening 
of the detected energy peak [32]. S is the fraction of energy close to the 
maximum of the peak relative to the total integrated area of the peak T where W 
is the fraction of the tails, see figure 2.16. S corresponds to the annihilation with 
conducting electrons and therefore S can be seen as the density of free electrons. 
Notice that for metals, S is increasing with increasing defect density since more 
free electrons are available at a defect. W measures the annihilations with core 
shell electrons and is thus more sensitive for the bulk of the material. In 
addition, positron lifetime measurements were performed. With this technique, 
the time difference between the emission and the annihilation is measured. The 
typical lifetime in bulk materials (100-200 ps) is shorter than the time for 
defects, where the lifetimes may increase up to 500 ps depending on the size of 
the defect. If the open volume of the defects is large enough, like in clusters of 
voids and (micro) cracks, positronium Ps might be formed, accompanied by a 
long lifetime. A schematic picture of the interaction of a positron beam with a 





Magnetic measurements were performed by applying a magnetic field to a 
specimen. The magnetic response of the material was measured using a 
conventional bridge circuit at 4 kHz, 75 mV. The magnetic permeability was 
determined from the hysteresis loop and was measured at different 
temperatures from 0 °C up to the Curie temperature. 
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APPENDIX 2: OBJECTIVE PROPERTIES OF THE CONFOCAL MICROSCOPE 
 
table 2.1: The properties of the different objectives (OLYMPUS) 
used in the confocal scanning optical microscope 
Objective type 10x/0.30 20x/0.46 50x/0.80 100x/0.95 
measurement field  
(µm x µm) 
1400x1320 700x660 280x264 140x132 
numerical aperture 0.30 0.46 0.80 0.95 
max. surface slope (°)  8.7 13.7 26.6 35.9 
working distance (mm) 10.1 3.1 0.66 0.31 
vertical resolution (nm) >50 >40 >20 >5 
lateral resolution (µm) 2.59 1.29 0.55 0.27 
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Chapter 3 
MODELLING OF THE GRINDING PROCESS 
In this chapter a new grinding model is presented based on the three dimensional profile 
of the diamond abrasive wheel. The model is used to simulate grinding forces, residual 
stresses induced in the workpiece and the full topography of ground surfaces. The 
roughness properties are calculated from the simulated surfaces. In addition, the 
relation between the grinding parameters and the roughness is studied in this chapter. 
Some of the parameters needed in the model are experimentally measured. 
3.1 INTRODUCTION 
Already since the late sixties, attempts were made to simulate the surface 
profile of the workpiece after grinding [1-, 2, 3, 4, 5, 6]. The first approaches 
were based on line profiles of the grinding wheel. Mostly, a simple grain 
geometry was applied and uniform distributions of abrasives over the wheel 
surface were assumed (see also chapter 2). The results of those models were 
somewhat empirical because of the assumptions made. Some models were 
designed to simulate the elastic modulus of the wheel and the contact length 
between the grinding wheel and the specimen [7-, 8, 9, 10]. Also completely 
different approaches, like using fuzzy logic have been tried to predict the 
surface roughness after grinding [11]. Furthermore, attempts were made in 
order to calculate and to determine subsurface effects such as residual stress, 
phase transformation and thermal damage from the grinding forces [12-,13, 14, 
15,16]. More recently due to the development of 3D surface characterisation 
techniques, such as optical profilometry, and the improvement of computers, 
three-dimensional models were developed [17-,  18, 19, 20]. These models were 
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then used to calculate roughness values of the workpiece after grinding versus 
the processing parameters. 
This chapter concentrates on the formation of the surface morphology during 
grinding. An in-plane grinding operation with a super-abrasive wheel was 
chosen because of a rather simple overall geometry. However, the complexity of 
the local geometry, i.e. a random distribution of cutting points, makes this 
operation far from trivial. As a consequence, many of abrasive and cutting 
processes can be described in using a similar approach. This emphasises on the 
formation of the workpiece topography during the process and on the 
prediction of quality of the surface finishing. 
Every abrasive processing includes the engagements of (randomly) distributed 
cutting points of a tool. The whole process then can be described as a 
cumulative action (superposition principle) of unit events. The so-called unit 
event is an engagement of one, individual grain with the surface of material 
processed. The understanding of this unit event and the effect of it on the 
surface integrity is therefore of essential importance in the grinding model. 
Single scratch experiments can be performed to simulate the unit event and so 
the material response during the abrasive processing can be studied.  
This process description can easily be adapted to different types of the overall 
tool/workpiece geometry. Moreover, because of a random distribution of 
cutting points, the present modelling can readily be reformulated for other 
situations describing the interaction between the surface of material and 
abrasive units. A well-established analysis of an abrasive action of regularly 
distributed cutting points will be explored [21]. Recently, an attempt was made 
to extend that approach to the case of random engagements of the abrasive grits 
with the material surface [18]. The plane grinding operation was considered, for 
which an effective number of cutting points was determined and the outgoing 
topography was constructed in 3D. Further elaboration on this model extended 
this approach to the calculation of forces that arise during impact of the 
abrasive units [19]. However, some aspects were not addressed properly so far. 
These include that during abrasion different cutting points may come in an 
engagement with the same local area of the surface altering the surface 
topography accordingly. This will have consequences for the calculation of the 
forces as well. 
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3.2 THE KINEMATIC GRINDING MODEL 
In the kinematic grinding model, described in this chapter, single pass plane 
surface grinding will be considered. The process is schematically displayed in 
figure 3.1. In the figure, the main parameters that are used in the experiments 
and in the simulation are shown. These include the processing parameters: 
rotational speed of the grinding wheel vs, speed of the workpiece/ specimen vw 
and the depth of cut dcut. The so-called grinding direction is the direction of the 
speed of the workpiece, as is indicated in figure 3.1. 
To model the grinding process several steps should be included such as the 
generation of the grinding wheel, transformation of the wheel topography to 
the surface of the workpiece and modelling of the materials properties of both 
the specimen and the grinding wheel. Finally, for the understanding of the 
changes in materials properties, such as magnetic permeability (chapter 5) or 
piezoelectric constants, the grinding forces and the residual stresses are 
calculated. The change in magnetic permeability, piezoelectric properties or 
mechanical strength can then be related to the grinding induced residual 
stresses. However, first some assumptions are made in order to simplify the 
complex machining process.  
figure 3.1: Schematic picture of the grinding process. 
A diamond abrasive wheel is rotating at a spindle velocity vs. The workpiece is moving along
the y-direction, the so-called grinding direction with a speed vw. The relative distance
between the wheel surface and the surface of the workpiece is dcut. Notice that the real
dimension of the grinding wheel is much bigger than in the figure relative to the depth of cut





























The wear of the wheel surface is neglected when a super-abrasive wheel is 
used. Because it is assumed that the diamond abrasive wheel is much tougher 
and more wear resistant than the specimen. In addition, the tool is assumed to 
be perfectly rigid and hence possible deflections of abrasive grains during their 
engagements with the material processed are not taken into account. However, 
possible overall deflections (or vibrations of the grinding machine) and 
roundness errors of the grinding wheel are included by on-line recording of 
those using a force platform. The grinding process is then described by the 
machining parameters and the average characteristics of the wheel topography. 
The wheel is characterized by the average concentration of the diamond grains 
in the wheel surface, the average size of these cutting grains and their statistical 
distribution and it is supposed that the abrasive grains do not overlap. All these 
parameters can be obtained by SEM, optical and mechanical profilometry tech-
niques.  
The removal of material from the workpiece is based on a rigid-perfectly plastic 
material behaviour, i.e. the cutting edges will remove all material that they 
encounter on their path. Although the elastic deflection of the workpiece will 
reduce the actual cutting depth, the possible pile-up of material and the 
deflections are neglected. It is also assumed that the material removal 
behaviour is not different for ‘up-grinding’ (vs and vw at the surface of the 
specimen have opposite directions) and ‘down-grinding’ (vs and vw are parallel) 
in spite of the fact that both methods will cause a different stress field in the 
specimen. For up-grinding, more fracture of material is expected and for down-
grinding, more ploughing is expected. Another assumption that is made is that 
there is no grinding fluid or lubrication present during the process, which 
might change the material removal behaviour, i.e. if a lubricant is present a 
more ploughing behaviour is expected. Despite of the absence of cooling fluid 
no (local) heating of material is supposed. However, during the grinding 
experiments, grinding fluid is used to avoid burnout or thermal damage and 
the assumption is made that the grinding behaviour is the same for dry 
grinding with an alternative way of cooling. 
If the surface topography of the grinding wheel could be described and 
rendered on the basis of these assumptions adequately, then the influence of the 
machining parameters on the grinding performance, surface finishing and 
surface integrity may be studied. The model can predict changes in materials 
properties by the calculation of machining induced residual stresses. Using the 
model, the performance of the abrasive machining can be optimised. 
  MODELLING OF THE GRINDING PROCESS 
  37 
3.2.1 Generation of the grinding wheel 
The surface of a grinding wheel usually consists of hard abrasive particles 
randomly distributed and randomly oriented in a metal binder. The wheel can 
be described by its radius, the average size of the abrasive grains, the shape of 
the grains, the distribution of grains in radial, tangential and lateral direction 
and by the materials properties. Various methods have been proposed in order 
to model and characterise the topography of a grinding wheel [3,22-, 23, 24, 25, 
26, 27]. During the simulation of the grinding wheel, most researchers used 
random distributions for the position and size of the abrasive grains in the 
wheel. Some of them included the actual dressing process of the grinding wheel 
in order to describe the exact shape of the grains [3]. Others used various 
shapes like octahedrons, cuboids, tetrahedrons or spheroids to represent the 
cutting points in the wheel surface [19]. In the grinding model presented in this 
chapter, a Monte Carlo-like concept was used to distribute the abrasive grains 
randomly over the surface of the grinding wheel. 
For small depth of cut, the basic shape of an abrasive grain can be assumed a 
spheroid. This assumption becomes even more valid when the average size of 
the cutting grains is much larger than the depth of cut dcut. The axis Rx, Ry and 
Rz of the spheroid, which in general are different, are varied using Gaussian 
distributions for each axis. Rz is chosen to be perpendicular to the wheel 
surface. The basic spheriodal shape of the grain can mathematically be 
formulated as follows: 
( )   Ω = − −        
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where Ω is the height of the grain as function of xs and ys and giR with i=x, y, z 
are the principal axes of the spheroid. 
Since the abrasive grains are randomly oriented relative to the normal of the 
wheel surface, additional shape factors are added to allow the grain to rotate 
around its centre of gravity. This shape factor can be simulated using a random 
3D periodic wave function ( ) ( )( )ω ϕ ω ϕ+ + +cos cosx s x y s yx y  imposed on the 
axis in z-direction, where ωi and φi are random numbers. By this method, the 
skewness/orientation of the grains relative to the wheel surface can be 
controlled and randomised. 
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Due to the dressing process of the grinding wheel and due to wear of 
(diamond) abrasive grains during ‘run-in’ of the wheel, the global shape of the 
cutting points might be changed. Therefore, some additional details should be 
added to the smooth spheriodal shape of the simulated abrasive particles. These 
finer details are modelled by superimposing a stochastic periodic function 
f(xs,ys) on the spheroid that describes the cutting grain. This procedure is similar 
to the method described in [27] but here it is generalised in 3D. As a result, the 
total grain shape can be described by equations (3.2) and (3.3). 






, , inside grain
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 (3.2) 
where f(xs,ys) is the stochastic fluctuation representing the fine structure of the 
binder material and cutting grains. Ω(xs,ys) is the overall grain shape and can be 
expressed with the following equation: 
figure 3.2: Simulated abrasive grain. 
A typical spheroidal grain with different radii in the x-, y- and z-direction as simulated by
the model. A stochastic function was added to model the finer details of the abrasive grain.
The radii of the grain are 28gxR mµ= , 45gyR mµ= , 56gzR mµ= in the x-, y- and z-
direction respectively. Notice that the scale in z-direction is different than in the x- and y-
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where zs is the height as a function of xs and ys (associated with the wheel 
surface), ξi ‘s are random numbers using a Gaussian distribution describing 
deviations from averaged characteristics ( giR ) of a grain,  ζi ‘s are random 
numbers (using a uniform distribution) giving an arbitrary position of a grain 
within a chosen unit-cell, and αi, ωi and ϕi are random numbers simulating 
stochastic deviation of grains’ overall shape. In figure 3.2, a typical simulated 
grain is shown. 
At this stage, only one single abrasive grain randomly positioned in a cell of 
size lx by ly is simulated. In order to generate the whole wheel surface a regular 
2D mesh with cell sizes of the same characteristic dimension lx by ly was applied 
figure 3.3: Random lattice for the positioning of grains. 
The abrasive grains are randomly positioned within a cell with characteristic dimensions lx
and ly and they may not exceed the cell boundaries. The regular lattice is randomised
perpendicular to the grinding direction (x direction) by a distance 0<δi<lx to avoid artificial












on a flat surface. It is assumed that only one cutting grain may occupy an 
arbitrary position within such a unit cell (see previous pages) and that the grain 
does not cross the cell boundaries. This quasi-random method is used to reduce 
the calculation time to simulate a grinding wheel. 
Although the grains are randomly located within the unit cells, they are still 
distributed on a regular grid. Regarding the plane grinding operation, such a 
distribution along the grinding direction does not really influence the results, 
because the movement of the abrasive grains is in this direction and a possibly 
artificial pattern would be removed by successive grains. However, in the 
perpendicular direction with respect to the grinding direction, i.e. the x-
direction, such a regular grid will certainly impose a non-natural distribution of 
grooves over the ground workpiece, because the grains do not cross the borders 
of the cells, i.e. there is a minimum at the cell boundaries. 
To avoid this artefact, the regular lattice is shuffled in the x-direction 
perpendicular to the grinding direction, see figure 3.3. The origin of the 
figure 3.4: Distribution of the cutting grains generated in the simulation. 
Part of the simulated surface of the grinding wheel showing the distribution of abrasive
grains over the surface. The cell size of this specific wheel is chosen to be five times the
average grain size (c=5). This number c determines the concentration of grains on the wheel
surface. zs is calculated using equation (3.2). Notice that the scales in x-, y- and z-direction
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simulated wheel is positioned at the first layer of cells. Then every next layer i is 
moved with a (uniform) random step δi (with 0<δi<lx) with respect to the origin. 
After creating such a random lattice and positioning the grains in each cell, a 
rectangular area representing the bearing width of the grinding wheel is cut-out 
in order to get a homogeneous grain distribution at both ends of the wheel as 
well. The surface constructed in this way is plotted in figure 3.4 to illustrate the 
grain distribution of our model description. 
Experimental determination of the wheel parameters 
Many different experimental techniques and methods have been used to 
characterise the grinding wheel [23,24,26,28,29]. The static techniques include 
2D and 3D profilometry, contact and optical profilometry, scanning electron 
microscopy and confocal scanning optical microscopy. Usually the profiles are 
recorded directly on a wheel or on an imprint of a wheel. The advantage of 
confocal scanning optical microscopy compared to other profilometer 
techniques is that this relative new method enables us to record surfaces with 
much steeper surface slopes. The latter are often observed on grinding wheels 
because of the fracture of abrasive grains. Further, there are dynamic methods 
such as acoustic emission, thermocouple methods and scratching techniques to 
characterise the number of cutting points. Usually the number of static cutting 
points is larger than the number of dynamic cutting points (Cstat ≥ Cdyn), because 
figure 3.5: SEM micrographs of the grinding wheel. 
Scanning electron microscopy was used to study the position of abrasive grains in the
grinding wheel. Also the shape of the diamond grains was studied. In these pictures the
typical surface of a D140 grinding wheel with a radius Rs=1.4 cm is shown at low




during the grinding process not all abrasive grains will come into contact with 
the workpiece [30]. Shaw [31] argued that the dynamic number of abrasive 
grains is depending on the grinding conditions where the static number is 
independent since some material may already be removed by preceding cutting 
points.  
Here, it is sufficient to restrict the analysis to the main wheel/grain parameters 
only, i.e. the overall grain concentration, their average size distribution and 
standard deviations when using the model described above to generate a 
grinding wheel. By minimising the surface in the kinematic grinding model (see 
next paragraphs), it is not necessary to account for the difference in number of 
cutting edges. The static number of grains (Cstat) and hence the full topography 
of the grinding wheel can be used. Only the cutting points that actually hit the 
surface will perform the grinding process and this can be calculated by taking 
the kinematic trajectories of the cutting points. In fact, using the kinematic paths 
of the abrasive grains is analogous to calculating the dynamic number of grains 
Cdyn from the static number of grains Cstat. In some particular situations, this 
restricted number of parameters (or statistical distribution) characterizing the 
wheel topography should be enhanced to refine this model.   
 
table 3.1: parameters of the abrasive grain distribution  measured 
by Scanning electron microscopy 
wheel parameter D140, Rs=1.4 cm D54, Rs=1.4 cm 
Cgrain 6.9 ± 0.8 mm-2 41 ± 6 mm-2 
lx=ly 381 ± 22 µm 156 ± 11 µm 
 
The measurements were carried out on grinding wheels with different grain 
sizes and on their replicas. The wheels were dressed and ran-in first before 
studying the wheel parameters. This is because dressed and ran-in wheels are 
used during the grinding experiments. Using both, the imprint and a small 
wheel allows us to employ different techniques such as scanning electron 
microscopy (SEM), mechanical stylus profilometry and confocal scanning 
optical microscopy. (see explanation of these techniques in chapter 2). 
Therefore, it is possible to extract all parameters of the wheel surface that are 
needed. Imprints were made using Technovite 4000, consisting of polyester 
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resin and anti-shrinkage powder with particles of approximately 1 µm 
diameter. The parameters of the distribution of the position of grains over the 
surface were mainly studied using SEM. In figure 3.5, the typical morphology 
of the grinding wheel and an individual grain directly measured on the wheel 
(D140, with diameter Rs = 1.4 cm) is represented. The grain distribution and 
concentration was measured by counting the number of grains per unit area. 
The results are listed in table 3.1. The cell size, used in the model to generate the 





x yl l C
 (3.4) 
Confocal scanning optical microscopy with the objective chosen such that the 
grain fits within the image field, was used to record 3D images of individual 
abrasive grains. The shape parameters, like average grain size, were determined 
from these images. Figure 3.6 shows an individual diamond cutting grain 
directly measured on the wheel surface.  
 
table 3.2: parameters of the abrasive grains on the D140 wheel, 
measured by confocal scanning optical microscopy 
grain sizes directly on wheel using imprint 
Rx,y 37.6 ± 8.8 µm 28.7 ± 7.1 µm 
Rz 34.2 ± 5.1 µm 44.6 ± 8.6 µm 
 
In Table 3.2, typical results of measurements are summarized. From the 
analyses based on those results, the conclusion may be drawn that there is no 
perfect correspondence between average parameters of the wheel and its 
imprint, which means that the shape of the individual grains cannot be 
characterised by the imprint method. However, statistical characteristics (such 
as the concentration of grains and standard deviations from averages) gathered 
from the wheel replica give representative results (see table 3.1). The replica 
method is often used to study the morphology of the grinding wheel since the 
radius of these wheels are usually too large to do a proper analysis using the 
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techniques mentioned above. Another advantage of the replica technique is that 
the overall curvature of the wheel, which makes direct measurements on the 
wheel quite complicated, can be avoided by flattening the imprint.   
Further, the conclusion can be drawn that the actual average size of a cutting 
grain is of about 25-30% of the size of grains used for the wheel manufacture, so 
only a part of the grain is protruding out of the wheel surface. The volume 
concentration of abrasives in the wheel can be calculated from the measured 
surface concentration (table 3.1) and grain size at the surface (table 3.2). The 
actual radius of the abrasive grains can be calculated from the mean intercept 
length (2*Rmeasured in table 3.1) by 4 3 grain measured2R R= [32]. The volume 
concentration can be estimated from the concentration of grains at the surface 
using the total volume of grains 34 3 grainN Rπ in a slice with thickness: the 
protruding height (30%) of grains at the surface grain0.30*2R . The volume 
concentration is approximately 15%, which is consistent with the specifications 
of the wheel and other observations [28,29]. SEM images and confocal 




figure 3.6 3D measured diamond abrasive grain. 
Confocal scanning optical microscope image of a typical diamond abrasive grain directly
measured on the grinding wheel D140 with radius Rw=1.4 cm. A 50x/0.80 objective was
used with a field size of  280 ×264 µm and a lateral resolution of ~0.53 µm. The optimal
vertical resolution is approximately 30 nm (see also chapter 2). NB: The magnification in z-
and x-, y-direction is different! 
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blunted at the top. That suggests large attack (indentation) angles, i.e. an 
individual engagement may be modelled invoking a blunt indenter analogy, at 
least at a small depth of cut. This justifies the assumption that the grain may be 
simulated by a spheroid. 
3.2.2 Kinematics of the plane grinding process 
The kinematics of the abrasive process was described by Inasaki [18] who has 
adopted the approach of Reshetov and Portman [21]. In this thesis, a similar 
method was followed. The movement of the cutting grains on the grinding 
wheel relative to the workpiece and the kinematic interaction of these grains 
with the material can be described by a simultaneous translational and a 
rotational motion as shown in figure 3.1. All the movements can be transformed 
from the wheel’s coordinate system (indicated by the subscript s) to system of 
the workpiece (subscript w corresponds to the workpiece). The set of equations 
describing the trajectories of the cutting points may be written as follows. Note 
that this equation is very similar to equation 2.3: 
( ) ( )




= + + +







w s s s s grain w
w s s s s grain s cut
x x
y R z t v t
z R z t R d
 (3.5) 









vs is the speed of the wheel surface, vw is the in-feed velocity of the specimen 
ground, t is the time and Rs is the wheel radius (see figure 3.1). The “-” and ”+” 
signs in zw are corresponding to up- and down-grinding, respectively, i.e. it 
determines the rotational direction. The function zs(x,y) is given by equation 
(3.2). *cutd is the depth of cut, either relative to the average height of the grains sz  
or to the maximum height of the abrasive grains maxz . If the material behaves as 
a rigid-perfectly plastic material, abrasive grains will produce ideal grooves in 
the existing workpiece topography, according to their trajectories. This 
assumption is satisfied for most materials if the degree of penetration 
cut grainpD d R≈  (chapter 2, figure 2.7) is higher than Dp>0.30 because for these 
values microcutting is predicted. Hence, the depth of cut dcut relative to the 
abrasive grain size Rgrain must be large enough.  
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In general s wv v , this means that there is a probability that a few different 
abrasive grains may engage the surface at the same, local position. As a con-
sequence, the profile created at some moment can be modified by subsequent 
incoming grains at a later moment. In this way, trajectories of all grains 
scratching the surface are compared with each other, and the surface level is 
determined from the collection of those trajectories in order to minimise the 
surface topography. In the simulation a fixed time step dt is used. The surface 
of the workpiece is then discretisized with a grid size ws v dt= . The movements 
during the grinding process are separated in two parts. First, the wheel moves 
along the y-direction with a step sdt. Then the wheel rotates through an angle 
ddt s s dt s w st v R s v v Rθ = = . During this rotational movement the actual removal of 
material takes place by modifying the profile of the workpiece at position 
yw(t0+dt) as is demonstrated in figure 3.7. The minimisation (which is similar as 
that is used by Bhateja [5] in chapter 2) is performed over the angle dtθ . The 
whole grinding process is considered as a repetition of such steps and rotations. 
In this way, the discretisation is actually only involved into the translational 
part, i.e. the movement along y direction. To minimize the error introduced by 
this approach, the step sdt and hence the time step dt is chosen as small as possi-
figure 3.7 Schematic picture of the simulation method. 
The translational movements and the rotational movements are separated in the simulation.
First the wheel moves a step sst, corresponding to a time step dt, along the y-direction. Then
the wheel rotates through the angle θdt. The union of all profiles within this angle, i.e. the
effective, cutting profile will be transferred to the workpiece at position yw(t0+dt). The whole
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ble. The angle dtθ should be at most corresponding to the average distance L 
between the abrasive grain and therefore the upper limit of the step size is 
dt w ss v L v≤ (equation (2.2)). A too fine step may increase the computational 
time tremendously. 
A brief summary: the present model is based on the grinding wheel 
topography, that is simulated using equation (3.3). The ‘transition’ to the 
workpiece topography is realised via equation (3.5), where an ideal ‘removal’ 
process is assumed. So far, this method is similar to the approach used in one-
dimensional models (chapter 2). However, in these models, equally spaced 
abrasive grains were used, all of the same height. The set of equations (3.3) and 
(3.5), allows the instantaneous rendering of the surface topography. Therefore, 
the real area of contact between the grinding wheel and the specimen can be 
derived, in contrast to the one-dimensional model where it is not possible to 
calculate real contact areas. From the real area of contact the forces acting 
during the process can be computed which, in turn, constitutes a basis for 
analysis of the surface integrity of a workpiece (and related properties like 




figure 3.8 Simulated engagement of a single abrasive grain. 
Example of a single abrasive grain encountering the surface of the workpiece and removing





3.2.3 Materials response and force calculations 
The material removal behaviour during the engagement of a single abrasive 
grain can be simulated by using a scratch test. The material removal behaviour, 
pile-up and cracking of the material can be studied by such scratch experiments 
under various conditions like different attack angle or various loads. Since 
perfectly plastic material behaviour is assumed in the grinding model, it is 
important to quantify the deviation with respect to this removal behaviour.  
The forces acting during a scratch test are theoretically estimated by a simple 
ploughing model which is based on the hardness of the material [33]. The 
normal force Fn between the indenter and the specimen is given by: 
n vF S H= ⋅  (3.6) 
where Hv is the Vickers hardness and S is the projected contact area between 
both bodies. For a spherical indenter this contact area is 2π 2S r= (division by 
two because only half of the indenter is in contact during scratching, see figure 
2.7 & 3.9) with r the radius of the cross-section of the contacting area. 
The tangential force Ft exerted during the movement of a scratching indenter, 
can be split in two terms of different physical origin. The first term is depending 
figure 3.9: Schematic figure of a scratch and the important variables  
When a scratch is made on a material the following parameters can be identified. R is the
radius of the indenter, r is the radius of the imprint and d is the depth of the groove. The
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on the normal force Fn applied to the indenter. The second part is a shearing 
term (sticking) and is proportional to the shear stress γ as a fraction of the yield 
strength in shear γm of the material. The shear strength is often approximated by 
2 6m y vHγ σ≈ ≈ . The tangential force for a spherical indenter can be written as 
[34]:  
2 2
2 2arcsin 1 2 1 1t v r r r rF H R RR R R Rγ
           = − − + − −     
           
 (3.7) 
where R is the radius of the indenter, r is half of the projected contact width 
(refer to figure 3.9) and Hv is the hardness of the material being scratched. The 
friction coefficient µ is usually defined as the ratio between the tangential force 
Ft and the normal force Fn exerted by the indenter during the scratch tests. For a 


























































πµ  (3.8) 
The mγ γ ratio varies for lubricated and unlubricated sliding contact and is 
usually less then 0.3 for the lubricated system and close to unity for the 
unlubricated system. Equations (3.6) - (3.8) were derived for a spherical 
indenter but a similar approach can be used to calculate the friction coefficient 
for other indenter geometries. 
The real contact area between the grinding wheel and the workpiece was 
calculated as a function of time in order to determine the forces between the 
wheel and the workpiece during the grinding process. As mentioned before, the 
grains are assumed to be blunt because of the shallow depth of cut compared to 
the grain size. Therefore, the force applied by a grain can be described by a 
ploughing contact between a sphere (using an effective radius) and the 
workpiece using equation (3.6). The total normal force as a function of time Fn(t)  
is then given by the superposition of the forces exerted by each individual 
abrasive grain and which will result in the following equation: 
1( ) ( )
2 2n ii
F t H S HS tΓ= =∑  (3.9) 
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where Si is the real contact area of a individual grain per unit of length, see 
figure 3.7. Γ normalises the force per unit width and the factor ½ emphasis that 
the contact area in scratching mode is half of the contact area for indentation, 
see figure 3.9. 
During the simulations some aspects that were not mentioned up to now may 
affect the force and topography calculations. The elastic deflection of the 
grinding machine, the elastic deflection of individual abrasive grains and 
roundness errors of the grinding wheel may influence the force measurements 
during the grinding experiments significantly. However, it was shown that the 
overall stiffness of the grinding machine, grinding wheel and deflections of 
abrasive grains might be approximated by 2 3nh Fδ ∼ and the error made, was 
estimated and in the order of 10% [35]. Therefore, the grinding machine and 
wheel are considered to be rigid and the deflections of individual grains are 
neglected during the simulations. Partly, the roundness errors, i.e. an elliptical 
wheel shape, can be removed by measuring the wheel deflections and instantly 
changing the wheel radius during the simulation or by filtering out the 
fluctuations from the resulting topography assuming a rigid–perfectly plastic 
material behaviour. Using a slightly different method, these topographical 
errors can be determined from the measured grinding forces afterwards. The 
normal force between a spherical indenter encountering the surface of the 
workpiece is linearly proportional to the depth of cut for a small dcut, i.e. 
cutnF k d= . Therefore, the topographical fluctuations are proportional to the 
force fluctuations, which are measured during the grinding experiments. 
3.2.4 Prediction of the change in functional materials properties 
Residual stresses 
The residual stress induced by the grinding process can be evaluated using an 
analysis proposed by Hill [36] and Johnson [37-,38,39, 40], which is described in 
appendix 3.1. The method is based on the analysis of the contact between a 
rigid body with a cylindrical shape and a flat, elastic-plastic deformable surface. 
The material behaviour can be divided in three different regimes, depending on 
the distance r from the indenter. Near the indenter, a hydrostatic core is 
assumed of constant pressure. Far away from the indenter, the material 
behaviour is pure elastic and in between, an intermediate behaviour is 
expected, i.e. an elastic-plastic zone. The residual stress can be determined from 
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the size of the hydrostatic core and the elastic-plastic zone. The stress 
components are recalculated for the normal and tangential directions. The total 
stresses are calculated using the superposition principle under the assumption 
that the stress does not relax during the cutting of a subsequent incoming 
abrasive grain. Here, the stresses in tangential direction, i.e. perpendicular to 
the grinding direction, will almost be cancelled out and therefore the residual 
stress is found to be compressive. Subsequently, a reasonable estimate (upper-
limit) of the residual stress induced by the grinding process can be made.  
Magnetic permeability 
The surface roughness and the induced residual stresses may change the 
magnetic permeability at the machined surface and will therefore change its 
magnetic performance. The change in magnetic permeability is simulated by 
dividing the cross-section of the ground material in three different layers. The 
first layer represents the rough surface; the following layer is affected by the 
residual stresses because of the magnetostriction and the lowest layer is 
assumed not to be influenced by the grinding process, i.e. it has the original 
bulk permeability of the material. The effective magnetic permeability of such 










= ∑  (3.10) 
where Atot is the area of the cross-section, Ai corresponds to the area of the 
cross-section of layer i and µi is the magnetic permeability of that layer. The 
analysis of the permeability of the rough layer is complicated because the 
magnetic field lines may vary with the surface slope. Therefore, the magnetic 
field lines are supposed to be parallel to the surface and pass through a medium 
with alternating magnetic permeability, i.e. the asperities are assumed to be of 
air with a different magnetic permeability. In other words, the material is 
assumed to consist of a serial stacking of two materials with different 
permeability. In addition, this layer is influenced by the residual stress and 
therefore an effective permeability is used for this layer. However, it should be 
noted here that the residual stress might be relaxed at the rough layer because 






















where lk are line segments along the surface. In general, this layer is very small 
compared to the overall cross-section, 1 totA A , and consequently makes a 
negligible contribution the total permeability. In appendix 3.2 a more detailed 
description is presented and the effect of the residual stress on the magnetic 
permeability is explained, see also references [42-,43,44,45]. 
3.3 RESULTS OF THE GRINDING MODEL 
In this section, some general results of the grinding model are presented. 
Moreover, a comparison of these results is made with the existing one- 
dimensional models described in chapter 2. Since no material response, i.e. 
mechanical properties of the workpiece, is included in the model, the simulated 
topography may be valid for an arbitrary material under the condition that the 
figure 3.10: Simulated ground surface. 
This topography was simulated using a wheel speed vs=30 m/s. The speed of the workpiece
was vw=3 m/min and the depth of cut was dcut=5 µm. A D91 grinding wheel with a radius of
Rs=12.5 cm was simulated according the procedure described in §3.2.1. The image shows the
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response of this material approaches a rigid perfectly plastic behaviour, i.e. all 
material is removed from the enveloping profile.  
The simulations were set up to monitor the roughness as a function of the main 
processing parameters, i.e. the speed of the grinding wheel vs, the speed of the 
workpiece vw and the depth of cut dcut. In figure 3.10 the simulated ground 
surface is shown using a set of standard grinding parameters. The figure shows 
the typical grooves of the abrasive grains parallel to the grinding direction. The 
roughness perpendicular to the grinding direction is higher than parallel to the 
grinding direction. 
In figure 3.11 the roughness values, calculated from the model using the 
average over all lines parallel or perpendicular the grinding direction, are 
plotted versus the depth of cut. The error bars are the standard deviations of the 
average values. The calculation of the roughness is explained in chapter 2. As 
shown in the graph, there is a slight increase in roughness with an increase of 
depth of cut. This can be explained by the fact that as the depth of cut increases, 
more abrasive grains will become active during the grinding process. Finally, 
the roughness saturates because all grains on the wheel takes part in the 
abrasive process. The depth of cut is not included in the one-dimensional 
grinding models, described in chapter 2. In these models, all the abrasive grains 
were assumed to have the same size and are equally spaced.  
figure 3.11: Ra roughness versus depth of cut. 
The Ra roughness values as a function of depth of cut dcut was calculated from the simulated
topography for fixed wheelspeed vs=30 m/s and fixed speed of the workpiece vw=3 m/min.
The error bars are the standard deviations of the average roughness values. 
















The relation between the roughness and the speed of the grinding wheel is 
presented in figure 3.12a. It is shown that the roughness decreases for 
increasing wheel speed. In chapter 2, it has been argued that for increasing 
wheel speed, more abrasive grains of the wheel will hit the surface at the same 
local spot, and more material will be removed leaving a smoother surface. The 
models proposed in chapter 2 are modified and fitted to the roughness values 













where A, B and m are fitting parameters and L is the average distance between 
the grains, measured on the grinding wheel (§3.2.1). For figure 3.12 the 
exponent m was set equal to the original model, i.e. m=2 and m=0.8 for the 
roughness parallel and perpendicular to the grinding direction, respectively. 
The fitting parameters are A=3.6·104 and B=0.47 µm for the parallel direction 
and A=29 and B=2.4 µm for the perpendicular direction. As demonstrated in the 
graphs, the agreement between the roughness values traverse to the grinding 
figure 3.12: Ra and Rz roughness values versus the grinding parameters. 
The roughness values Ra and Rz calculated from the simulated ground surfaces obtained
from the 3D-model versus wheel speed and speed of the workpiece. In figure a the other
grinding parameters were depth of cut dcut=8 µm and workpiece speed vw=3 m/min, for
figure b dcut=5 µm, vs=30 m/s.  corresponds to the Ra value perpendicular to and  is Ra
parallel to the grinding direction,  is the Rz value perpendicular to and  is Rz parallel to
the grinding direction. The data points are calculated with the 3D-model, where the lines are
Rz values predicted by the model from chapter 2. 
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direction is reasonably good, but parallel to the grinding direction there is a 
mismatch between the one-dimensional model and the present three-
dimensional model. This may be ascribed to the random position of the grains 
on the grinding wheel and the random size distribution of the grains used in 
the present model in contrast to the models mentioned in chapter 2. For smaller 
wheel speed, the influence of the random position of grains becomes more 
predominant because only a few grains will encounter the surface for slow 
wheelspeeds. For the larger speed, this effect will be cancelled out. 
The roughness as a function of the speed of the workpiece is displayed in figure 
3.12b. The increase of the roughness with an increase in workpiece-speed can be 
interpreted using the same argument as used to explain the decrease in 
roughness for increasing wheel speed. More grains will remove material from 
the same local position for the lower speed of the workpiece. Therefore, the 
effective enveloping profile becomes smoother (see figure 2.5). The fit of the 
one-dimensional model for the perpendicular roughness values is reasonably 
good. However, the values predicted by the one-dimensional model parallel to 
the grinding direction do not fit with the present model. This can be explained 
using equation (3.12), which predicts an infinite surface roughness with a very 
figure 3.13: Roughness Rz versus the speed ratio vw/vs. 
The ratio of the speed of the grinding wheel and the speed of the workpiece is a dominant
factor in grinding. From this graph the exponent m is determined. and correspond to the
Rz values perpendicular and parallel to the grinding direction respectively, for fixed
wheelspeed vs,=30 m/s and depth of cut dcut=8 µm.  and  refers to the Rz values
perpendicular and parallel to the grinding direction respectively, for fixed workpiece speed
vw,=3 m/min and depth of cut dcut=5 µm. The slight shift for and is due to the difference

















high speed of the workpiece. Obviously, this cannot be the case; there is a 
maximum surface roughness with increasing speed of workpiece with the limit 
of only a few grains scratching the surface. The values calculated by the present 
model shown in figure 3.12 suggest that there is a trend to a maximum 
roughness value. 
Some researchers argued that the measured roughness is less depending on the 
ratio vw/vs for a larger depth of cut. Therefore the exponent m may be smaller 
then derived in chapter 2 [29]. The dependence of the roughness determined 
from the present model on the ratio vw/vs was studied in figure 3.13 where the 
exponent m was determined from the log-log graph of the roughness versus 
vw/vs. It was observed that the exponent is significantly lower than the values 
derived in chapter 2, m=0.61 ± 0.02 parallel and m=0.055 ± 0.002 perpendicular 
to the grinding direction. This indicates that the roughness is depending on 
vw/vs ratio, but to a smaller extent than was predicted before. Especially, the 
roughness in the perpendicular direction after grinding seems to be more 
dependent on the details of the distribution of abrasive grains on the modelled 
grinding wheel rather than on the processing parameters. 
3.4 DISCUSION AND CONCLUSIONS 
This chapter described a three-dimensional model for the simulation of the 
plane grinding process. The simulation is based on a unit event model, i.e. the 
engagement of a single abrasive grain with the workpiece, by simulating the 
full topography of the grinding wheel. For each time step, an effective profile 
was created. This time step should be chosen small enough, in such a way that 
the distance through which the wheel rotates during this time is smaller than 
the average distance of the abrasive grains.  
A rigid, perfectly plastic material behaviour, i.e. ideal cutting, is assumed in this 
model. As a consequence, material hardening, plastic pile-up and elastic 
deformation is not accounted for during the simulations. Therefore, the material 
response during the engagement of an individual grain should be studied and 
validated against the simple material response. A convenient tool may be 
scratch experiments under various loads and various indenter shapes. A more 
complicated material response can be included by calculating the grinding 
forces and the stresses. This will allow the determination of cracks and residual 
stresses. These stresses are calculated from the stress fields of the individual 
grains using the superposition principle. A quasi-static indentation model of a 
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spherical rigid indenter was used to estimate the stresses applied by a single 
abrasive grain. However, the stress fields may change considerably by the 
movement of the indenter. It should also be mentioned that stress relieve due to 
cracking was not included. 
The depth of the subsurface damage is estimated from the induced residual 
stresses, using an elastic-plastic indentation model. It is also shown that the 
change of functional properties, e.g. magnetic permeability, can be determined 
from the residual stresses induced by the grinding process. The cross section 
was divided in three layers in which the magnetic permeability could be 
calculated using the magnetostriction and effective area.  
The comparison between the one-dimensional models and the present model 
shows that the random distribution of abrasive grains on the wheel and the 
random size distribution have a significant influence on the final roughness of 
the ground surface. However, the general relations between the roughness and 
the grinding parameters are confirmed, but the processing parameters, like vs, 
and vw may be of less influence on the surface condition as was predicted by the 
one-dimensional model, described in chapter 2. Also the work of Koshy et al. on 
a three dimensional grinding model has to be mentioned [20]. Although the 
model is similar to our work, this model does not include grinding forces, 
residual stresses and changes in magnetic permeability. Besides, the material 
removal behaviour was not studied to confirm the assumption of a rigid-
perfectly plastic response. Furthermore, it is shown that the one-dimensional 
models fail under certain conditions. For example, they predict infinite surface 
roughness with infinite speed of the workpiece in contrast to the present model, 
which indicates that there is a trend towards a maximum roughness value. 
Moreover, the one-dimensional model cannot be used to predict residual 
stresses and changes in functional properties since the real contact area cannot 
be determined while in the present model this is possible.  
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In this appendix, the analysis of the residual stress after grinding will be 
explained in detail. The deformation of the material during engagement of a 
single abrasive grain can be described by a hemi-cylindrical contact assuming 
blunt grains. The deformation of the whole workpiece during the grinding 
process can then be simulated by the superposition of the individual hemi-
cylindrical contacts. When a blunt indenter is pressed against an elastic-plastic 
medium, three different regions can be identified beneath the surface, see figure 
3A.1 [36,37]. The three zones can be described as follows: 
1. hydostatic core, for h r a≤ ≤  
2. plastic zone, for a r c≤ ≤  
3. elastic region, for c r≤  
The stresses in the different regions are described by Hill [36] and Johnson 
[37,38]. The stress in the hydrostatic zone is constant and is estimated by the 
stress in the plastic region for r=a. Hill’s solution for the stresses in the three 
figure 3A.1: Elastic plastic indentation of a hemi-cylinder. 
The materials response upon the indentation of a rigid hemi-cylindrical indenter can be
divided in three regions. The first zone is a hydrostatic core, then there is an elastic-plastic
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regions, for an expanding hemi-cylinder is given by: 
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Equations (3A.1) t/m (3A.3) can be modified for a material that yields 
according the von Mises criterion, i.e. an effective yield strength * 2 3Y Y= , 
but here the Tresca’s criterion r Yθσ σ− =  is used. The size of the plastic zone c 
can be derived from expansion of a cylindrical cavity in an infinite medium, by 
the radial displacement of material particles which results in [36] 
d ( ) 5 4 3(1 2 )
d 2 2
u r Y c r
c E r c
ν ν− − 
= −  
 (3A.4) 
Note that in general the movement of the particles is less than the movement of 
the core boundary. However, here the movement of the boundary of the 
hydrostatic core da is set be equal to the movement of the material particles 
du(a). Assuming conservation of volume of the core d ( ) 2 tan da u a a aπ β= , and 
using the symmetry of the strain field d d / const.c a c a= = , equation (3A.4) can 
be solved at the core boundary, i.e. r=a which will result in: 
24 tan (5 4 ) 3(1 2 )π
E c
Y a
β ν ν = − − − 
 
 (3A.5) 
Solving equation (3A.5) for (c/a) and substituting this ratio in equation (3A.1) 
yields 
* 1 1 4 tanln












 where tan β can be approximated by h/a like in figure 2.7.  
The residual stress can be obtained from the difference between the solution 
proposed by Hill [36,39,40], described above and the pure elastic (Hertz) 
solution. Because of the small depth of cut compared to the size of the abrasive 
grains, the slope of the surface is slowly changing in lateral direction. Therefore, 
the direction of the stress is almost merely in the z-direction, i.e. the angle of the 
stress with the z-direction is small and hence the stress in lateral direction is 
negligible. Consequently, the total stress can be calculated directly from the 
three-dimensional topography obtained from the kinematic model described in 
§ 3.2.3. Here a simplification was made by assuming that all grains have the 
same average size. The total stress along the z-direction using equation (3A.5) to 
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The Hertzian solution along the z-axis for the contact between a hemi-
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 (3A.8) 
where p* is derived from equation (3A.6). The residual stress in the regions is 
given by the difference between the corresponding solution, equation (3A.7) 
and the Hertzian equation (3A.8). 
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APPENDIX 3.B 
Here, the evaluation of the magnetic permeability as a function of (residual) 
stress is explained. First, the cross-section of the ground magnetic material is 
divided in three regions, see figure 3A.2. The magnetic permeability of the 
upper region is affected by the surface roughness as well as by the residual 
stress. The layer in the middle is influenced only by the machining induced 
residual stresses and the magnetic permeability in the lowest layer is assumed 
to be the same as before the grinding process. In §3.2.5 the effect of surface 
roughness is already explained. Therefore, this appendix is focussed on the 
influence of residual stress on the magnetic properties. 
The strain caused by the ordering of magnetic moments is called the 
magnetostriction, defined as dl lλ = . In an isotropic medium, i.e. for randomly 
oriented magnetic domains, the saturation magnetostriction sλ  at any angle θ 
with respect to the field direction H

 is given by [41,42] 
23 1( ) cos
2 3s s
λ θ λ θ = − 
 
 (3B.1) 
figure 3A.2: Calculation of the magnetic permeability at the machined surface. 
The cross-section is divided in three zones. The first is influenced by the roughness and the
residual stress, the second is only affected by the residual stress and the grinding process


















where λs is the saturation magnetostriction along the direction of magnetisation. 
The total energy of the system can be written in terms of magnetic energy  
cos( )H s sE HI θ θ= − −  and magnetic strain energy 20 3 sin ( ) 2sE d
θ
σ σ λ λ σ θ= − =∫  
at saturation. By minimising the total energy with respect to all possible 
rotations θ, i.e. all possible angles between the stress and the magnetisation 













where Is the intensity of the magnetisation at saturation. The definition of the 
initial magnetic permeability 0 0, 01 |i i HdI dH θµ µ χ = =− = =  is used to express the 
permeability for H in perpendicular direction with respect to the stress, i.e. 
0 π/2θ = . The relation between the initial magnetic permeability iµ and the 






Iµ λ µ σ≈  (3B.3) 
where 0µ  is the magnetic permeability of vacuum and λs the saturation 
magnetostriction along the direction of magnetisation. Equation (3B.3) can be 
used in order to estimate the change in permeability due to the residual stress 
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Chapter 4 
GRINDING OF CEMENTED CARBIDES 
This chapter concentrates on the grinding of cobalt – tungsten carbide composite 
materials that belong to the category of so-called hardmetals or cemented carbides. The 
combination of hard particles in a relative ductile matrix leads to attractive materials 
properties such as high wear resistance. However grinding of these materials is very 
difficult and is energy and diamond grinding wheel consuming, because of this high 
wear resistance. 
4.1 INTRODUCTION 
Tungsten carbide hardmetals, usually produced by sintering, are often used as 
a wear resistant material e.g. for cutting tools, drilling tools, dies etc. The high 
hardness of the tungsten carbide (WC) grains combined with the relative 
ductile binder leads to excellent mechanical properties. The size specification of 
sintered products is usually not as accurate as required. Therefore grinding is 
often involved during the production to meet the size and roughness 
specifications. It is well known that grinding, a controlled wear process, may 
induce mechanical damage at the machined surface. 
Because the wear rate can be related to the mechanical properties of materials 
such as hardness, ductility and fracture toughness, various researchers studied 
the relation between the microstructure and hardness of the cemented carbides. 
It was found that the hardness depends on the cobalt content as well as on the 
grain size of the carbides [1,2]. In addition, the wear of the hardmetals was 
studied using carbides with various cobalt contents and hence various 
microstructures were found. In some studies, wear was simulated by scratching 




the surface [3-, 4, 5] or by single impacts of hard particles [6]. From these scratch 
tests, it was shown that the ratio between the sizes of the abrasive particles (the 
sliding indenter) and the tungsten carbide grains is a denominating factor in the 
material removal behaviour. The latter is also affected by the relative hardness 
of the abrasives with respect to the hardness of the material [7]. Only few 
researchers reported the formation of a deformed layer or, so-called tribofilm, 
in sliding contact [8]. 
Furthermore, grinding experiments were performed on hardmetals using 
various conditions and parameters such as dry grinding, wet grinding or even 
electrochemical grinding [9-, 10, 11, 12] to study the morphology and surface 
condition. In this study, cemented carbides with a fixed amount of cobalt with 
various grain sizes were used. Therefore, different wear behaviour is predicted 
for the hard metals with the smaller grain sizes than for those with the larger 
grain sizes because the hardness of those cemented carbides is different.  
In earlier research, plastic deformation of the hardmetal was entirely explained 
by plastic deformation of the binder phase. Later it was shown that the 
anisotropic (c/a<1) tungsten carbide could also exhibit plastic deformation 
under certain conditions [13]. Here, it is demonstrated that the tungsten carbide 
is mainly plastically deformed by slip but also cracks were found in the carbide 
phase after the grinding process. 
Many researchers studied residual stress inside the carbide grains. The stress 
relieve by heat treatments was studied by Mari et. al. and Krawitz [14,15] using 
neutron diffraction. The increase in compressive residual stress after grinding 
was studied using X-ray diffraction [16-, 17, 18]. Most of the scientists found an 
increase in residual stress with a decrease in cobalt content or an increase in 
abrasive grit size. Only a few researchers pointed out that the penetration depth 
of CuKα radiation in tungsten carbide is very low compared to the average 
grain size for CuKα radiation [14,19]. Here it will be shown that the penetration 
depth becomes even more important when there is a deformed layer present on 
top of the ground surface. 
In this chapter, some new results are presented on the wear behaviour of 
cemented carbide during the grinding process. First the microstructures of the 
cemented carbides are studied and then scratch experiments are performed to 
reveal the material removal behaviour and to show that ideal cutting behaviour 
can be assumed which is a basic requirement in the model (chapter 3). Grinding 
experiments are performed using different conditions in order to study the 
   GRINDING OF CEMENTED CARBIDES 
 
  67 
surface quality after the abrasive processing. The morphology of the ground 
surface was studied as well as the surface roughness using electron and 
confocal microscopy. Next, the subsurface stresses of the machined material 
were studied. Finally, the results of the grinding experiments are compared 
with the results of the grinding model. 
4.2 MICROSTRUCTURAL ASPECTS OF CEMENTED CARBIDES AND PREPARATION 
4.2.1 Materials and sample preparation 
The materials used for the grinding experiments were various kinds of 
cemented carbides. These hardmetals usually consist of hard (ceramic) particles 
like tungsten carbide bond together by a metal binder (cobalt). The metal matrix 
composites are often manufactured by liquid phase sintering. First powders of 
the hard phase and the metal binder are pressed together to form the green 
body. Then the liquid phase sintering of the green body takes place at a 
temperature above the melting temperature of cobalt (1300-1500 °C) and below 
the decomposition temperature of tungsten carbide (about 2800 °C) in an inert 
atmosphere to avoid oxidation of cobalt. The final result, cemented carbide, is a 
nearly pore free product consisting of tungsten carbide surrounded by the 
cobalt binder.  
The properties of the metal matrix composite depend on the properties of the 
individual phases, the amount of binder present and the size of the hard 
particles. The hard phase is tungsten carbide (WC). WC has a simple hexagonal 
lattice with the tungsten W atoms in the (000) position and carbon atoms C 
located either all at the ( 1 2 13 3 2, , ) position or all at the ( 2 1 13 3 2, , ) position. The c/a 
ratio (c/a≈0.97) of the unit cell is much smaller the ideal ratio of c/a≈1.63 which 
will lead to some special slip-systems and deformation mechanism in the 
crystal. This high anisotropy also results in a large variation of the hardness on 
different crystallographic planes. The hardness varies from 1300 Hv on the 
prismatic planes to 2300 Hv on the basal planes [3,20]. The Young’s modulus of 
tungsten carbide is Ewc=700 GPa and the Poisson ratio is υwc=0.20.  
The metal binder is cobalt and has the main task to bind the hard particles 
together and give the material some ductility. Therefore, the wetting between 
the tungsten carbide grains and the cobalt phase must be sufficient to surround 
the carbide completely. Cobalt has a phase change at ≈400 °C from hcp (room 




temperature) to fcc. The hardness of pure cobalt is quite low compared to the 
hard particles and is approximately 200 Hv. The Young’s modulus of cobalt is 
Eco=200 GPa and the Poisson’s ratio is υco=0.32. 
The materials used here were liquid phase sintered hard metals with WC grain 
sizes of 3,5,10 and 20 µm and cobalt contents of 6, 10 and 20 wt%, which leads 
in principle to 12 different kinds of cobalt-tungsten carbide systems. However, 
here the focus is mainly put on the tungsten carbide with 10wt% cobalt and 
occasionally the other systems were used. After the sintering process (as 
received from Boart Longyear) the samples (∅=12 mm, h≈3 mm) were polished 
with 60 µm, 30 µm and 10 µm diamond paste, respectively, to obtain a shiny 
surface, as flat as possible. The 1 µm diamond paste, that is often used for 
finishing was not employed here, in order to avoid preferential polishing of the 
cobalt phase. After each sequential polishing step, the surface was cleaned with 
acetone.  
In order to relieve the defects, damage and stresses that were induced by the 
polishing process the samples were heat-treated at 700 °C for 4 hrs in high 
vacuum (P<2.6 10-4 Pa) to prevent oxidation with subsequent slow cooling. 
After measuring the residual stress state the specimens were given a second 
heat-treatment at 900 °C for 8 hrs in high vacuum. Only little evaporation of 
cobalt phase due to the heat treatment was observed by SEM/EDS and optical 
microscopy. 
4.2.2 Microstructure and properties of cemented carbides 
The microstructures of the polished and heat-treated specimens were studied 
using scanning electron microscopy (Philips XL30-FEG SEM). X-ray 
microanalysis (EDS) was applied to verify the cobalt content of the materials. It 
should be noted that because of the shallow escape depth of X-rays from the 
specimen (see chapter 2) and the preferential polishing and evaporation of the 
cobalt phase at the surface, the measured cobalt content may be lower than the 
actual amount in the bulk of the material. However, the deviations found were 
only within 1 wt% cobalt.  
The typical micrographs of the polished and heat-treated cemented carbides 
with 10 wt% cobalt in figure 4.1 show that the angular shaped tungsten carbides 
are randomly dispersed in de cobalt binder. The figure also shows that a small 
part of the cobalt phase at the surface was removed by the preparation method, 
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which enhances the topographical contrast between both phases because of the 
height difference and no etching was needed to measure the micro-structural 
properties. From the micrograph the conclusion can be drawn that a large 
number of tungsten carbide grains are actually connected to each other, which 
will influence the mechanical properties as will be shown later in this chapter.  
The microstructure of metal matrix materials are often described in terms of 
average grain size of the hard particles WCd , contiguity Cαα  and mean free 
path/distance in the metal binder Coλ , where α  refers to the tungsten carbide 
and β refers to the cobalt phase. Usually these parameters are measured by the 
line-intercept method; by counting the number of tungsten carbide – tungsten 
carbide interfaces per unit length of a test line ,wc wcN and by counting the 
number of intersecting tungsten carbide – cobalt interfaces per unit length 
figure 4.1: Microstructure of various  cemented carbides. 
SEM micrographs of polished and heat-treated tungsten carbides with 10  wt% cobalt at the
same magnification. Upper-left: tungsten carbide with grain size dwc=3 µm, λco=0.22 µm
and Cαα=0.51 Upper-right: tungsten carbide with grain size dwc= 5 µm, λco=0.22 µm and
Cαα=0.50 Lower-left: tungsten carbide with grain size dwc= 10 µm, λco=0.59 µm and
Cαα=0.32 lower right: tungsten carbide with grain size dwc= 20 µm, λco=1.3 µm and Cαα=0.52
(See table 4.1). 




,WC CoN . Micrographs at various magnifications were used to determine the 
properties. The mean intercept diameter of the tungsten carbide grains can be 











where WCvf  is the volume percentage of tungsten carbide present in the material. 
In general, the calculated mean intercept diameters wcd are smaller than the size 
of the grains that were used for the production of the cemented carbides as 
shown in table 4.1.  
The relative amount of tungsten carbide grains that are interconnected can be 
described by the contiguity. The degree to which a continuous skeleton of the 











The mean free distance or mean free distance through the binder phase can be 
calculated as presented in equation (4.3) and (4.4). Equation (4.3) is the 
definition of the mean free distance assuming that the tungsten carbide grains 
are completely dispersed in the cobalt, i.e. every carbide grain is completely 
surrounded by the binder phase. Equation (4.4) accounts for the fact that some 






















where wcd is the mean diameter of the tungsten carbide grains calculated from 
equation (4.1) and Covf  is the volume fraction of cobalt. Equation (4.3) can be 
obtained from equation (4.4) by putting the contiguity 0Cαα = , i.e. there are no 
interfaces between the carbide grains.  
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table 4.1: The mechanical and microstructural properties of WC-Co, where WCd is 
the mean intercept diameter, ACoλ and BCoλ the mean free distance given by equation 
(4.3) and (4.4) respectively, Cαα  is the contiguity and Hv is the hardness 
WC-Co WC grain size 
wt%Co Property 3 µm 5 µm 10 µm 20 µm 
6 wt% 







 1.0 ±  0.1 
 0.11 ±  0.02
 051 ±  0.05
 0.74 ±  0.05
 15.2 ±  0.5 
 1.6 ±  0.2 
 0.18 ±  0.02
 0.75 ±  0.07
 0.73 ±  0.05
 14.1 ±  0.4 
not 
used 
 7.9 ±  0.6 
 0.89 ± 0.11 
 2.5 ±  0.3 
 0.65 ±  0.04 
 10.1 ±  0.2 
10 wt% 
WCd  (µm) 
A





 1.2 ±  0.1 
 0.22 ±  0.02
 0.50 ±  0.06
 0.51 ±  0.02
 13.6 ±  0.5 
 1.1 ±  0.1 
 0.22 ±  0.03
 0.57 ±  0.06
 0.50 ±  0.02
 13.6 ±  0.5 
 3.3 ±  0.4 
 0.59 ±  0.08
 1.07 ±  0.12
 0.32 ±  0.01
 10.2 ±   0.3 
 7.1 ±  0.6 
 1.3 ±  0.2 
 3.6 ±  0.4 
 0.52 ±  0.02 
 10.0 ±  0.2 
20 wt% 
WCd  (µm) 
A





 1.2 ±  0.2 
 0.52 ±  0.06
 0.89 ±  0.10
 0.39 ±  0.02
 10.7 ±  0.3 
not 
used 
 2.4 ±  0.2 
 1.06 ±  0.12
 2.0 ±  0.2 
 0.40 ±  0.03




The (micro) hardness of the cemented carbides is measured using a micro 
hardness tester (Vickers) at a load of 500 g and 2 kg. All experimentally 
measured properties and parameters of the specimens are listed in table 4.1.  
Different models have been proposed to relate the hardness of the cemented 
carbide hardmetals to its microstructural parameters [1,2,23]. The total hardness 
is modelled using the hardness of each individual phase. The contribution of 
each phase to the total hardness is calculated by the mean free distance in the 
cobalt phase, the contiguity and by using the Hall Petch equation for the phase. 
Laugier [6,23] proposed a relation between the hardness of the cemented 
carbide and the mean free distance within the cobalt phase as shown in 
equation (4.5). 




0.2mv coH K mλ= = −  (4.5) 
where K is a constant depending on the Burgers vector of cobalt 0.256 nmCob =  
and depending on the shear modulus G of cobalt 0.2 0.20.79 9.8 GPa µmCoK Gb≈ ≈ . 
The exponent is an experimentally determined value. In figure 4.2 the hardness 
values are plotted versus both mean free distances in the cobalt phase. In 
addition, the fitted line using equation (4.5) is plotted. The fitted values of the 
exponent m and constant K are close to the values predicted by Laugier, here 
m=-0.18±0.02 K=10.1±0.2 GPa µm0.2. when BCoλ  is used. The conclusion can be 
drawn that the hardness of the WC-Co composite is essentially controlled by 
the Co-phase, i.e. the mean free distance through the binder.  
The deviation of the exponent (m=-0.2) with respect to the Hall-Petch relation 
(m=-0.5) can be explained considering the distribution of dislocation sources on 
the crystal planes within a tungsten carbide grain. The stress that has to be 
applied to yield a carbide grain, can be derived from the distribution of Frank-
Read sources and the number of dislocations emitted by each source.  Because 
of the hexagonal lattice of WC, the core structure of the dislocations is more 
confined to the prismatic planes than to the basal planes. Assuming that cross-
slip from the prismatic planes to the basal planes is negligibly small, i.e. 
deformation is restricted to planar slip, the density of dislocation sources N 
scales with the carbide grain size d as 2 3N k d= . This number can be 
Figure 4.2: Relation between the hardness and the mean free distance Coλ . 
The hardness of the cemented carbides is related to the cobalt mean free distance. An
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substituted in the equation for the critical force to yield the material which 





σ σ−∼ ∼  (4.6) 
from equation (4.6), it can be seen that the physical explanation of plasticity in 
the carbide grains results in a exponent 16m =  rather then m=0.20. A more 
detailed explanation is given in appendix 4A at the end of this chapter. 
The fracture toughness of the tungsten carbide – cobalt hardmetals also depends 
on the mean free distance through the binder and the contiguity [6,24]. The 
hardmetal becomes more brittle when the number of connected carbides grains 
Cαα  is larger. The conclusion can be drawn that the microstructural properties 
Coλ and Cαα may be varied to control the properties of the cemented carbides.  
4.3 SCRATCH EXPERIMENTS ON TUNGSTEN CARBIDE HARDMETALS 
Force controlled scratch tests (using an in-home constructed scratch tester) were 
performed with various indenters (Vickers, conical) in order to study and to 
simulate the material removal behaviour during the engagement of a single 
abrasive grain. The normal load ranged from 1 through 120 N because it is 
estimated that the grinding force per abrasive grain does not cross this value.  
The sliding speed of the indenter was varied from 5 up to 50 mm/min to 
examine (strain) rate effects. However, the sliding speeds are still low compared 
to the speed of the abrasive grains on the grinding wheel. For materials with 
high strain rate sensitivity the removal behaviour may be somewhat different 
during the grinding process with respect to the scratch tests. The scratches were 
studied using SEM and confocal microscopy. 
By scratching the surface with an indenter with a spherical tip with a radius of 
approximately 0.2 mm up to a load of approximately 15 N, no cracking of 
tungsten carbide or chipping was observed. At higher loads, the tungsten 
carbide grains start to crack. In addition, slip was observed in the tungsten 
carbide grains at this load. In figure 4.3 the typical groove of a scratch with a 
conical indenter is shown. A 2D-profile across the groove is also presented in 
the figure and the pile-up (see chapter 2) is calculated for all lines perpendicular 
to the scratch direction. It was found that pile-up of material for a conical 




indenter was about 14% of the cross-section of the groove for the hardmetals 
with 10 wt% cobalt. The pile-up may be different for some other types of 
indenters like a Vickers (with a top angle φ =136 o) indenter, i.e. in this case, the 
pile-up was very restricted (~3%), which suggests that the material behaviour 
may be approximated by a rigid-perfectly plastic model. 
 To check whether this assumption is appropriate under the conditions of the 
grinding setup, scratch tests at approximately constant normal load (ranging 
≈4-5, 10-11 and 20-21 N) were carried out. A more detailed study should be 
carried out when the surfaces are machined with different types of abrasives 
because the pile-up and removal behaviour may vary for different attack angles 
and different loads [7]. In this study, most abrasive grains of the grinding wheel 
can be assumed to be blunt. The degree of penetration (see chapter 2) is 
estimated from the depth of cut dcut and the average size of the grains Rgrain 
0.3p cut grainD d R≈ ≈ . From figure 2.7 the conclusion can be drawn that mainly 
micro-cutting takes place with almost no pile-up. 
The normal force Fn and tangential force Ft were measured and therefore the 
friction coefficient µ can be determined. To validate the ploughing behaviour of 
tungsten carbide hardmetals, equations (3.6), (3.7) and (3.8) were applied. From 
those equations, the normal force Fn can be calculated versus the width r of the 
groove. It was found that the calculated normal forces are lower than the values 
measured during the scratch experiments [25]. This might indicate that the 
material removal behaviour of cobalt – tungsten carbide deviates from the 
figure 4.3: Confocal microscopy images of a scratch on a WC-Co specimen. 
The surface of a cobalt – tungsten carbide specimen was scratched with a normal load from
1 N up to 80 N using a sliding velocity of 10 mm/min. The load in the current image is
78 N. The average pile-up, as shown in figure b was calculated for all lines perpendicular to
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rigid-perfectly plastic model, hence it deviates from the ideal cutting behaviour. 
The friction coefficient was determined from the experiments µ=0.34 ± 0.05 
using a Vickers indenter and similar values have been reported by others [5].  
Typical pictures of a groove are presented in figure 4.4. The scanning electron 
micrograph shows the cracking of tungsten carbides. Furthermore, aside of the 
grooves slip bands were found in the tungsten carbide grains as indicated in the 
micrograph. Some tungsten carbide grains are pushed out of the cobalt matrix, 
especially in the pile-up next to the actual groove. Within the groove, smearing 
of cobalt and plastic deformation tungsten carbide was observed. At higher 
load (e.g. Fn>100 N), more pulverisation is observed in the scratch and in 
addition, more severe damage can be found at the edge of the groove, which 
results in a kind of chipping of several tungsten carbide grains. 
4.4 THE RESULTING SURFACE OF GROUND HARDMETALS  
Grinding experiments were performed using a grinding machine for plane 
surface grinding (Jung JF 415) described in chapter 2. The abrasive wheel 
mounted on the machine as a technodiamant D91 C75 MN 790 with diamond 
figure 4.4: SEM micrographs of the typical scratch groove. 
The left micrograph shows an overview of a scratch on WC-10 wt% Co with 5 µm grains
using a conical indenter with a spherical tip. In the middle of the groove more plastic
deformation is observed. At the edge of the groove some pullout or chipping is observed
leaving a small pit at point a. Some carbide grains are pushed out of the matrix indicated by
b. In the right image slipbands in the tungsten carbide grains c are presented and part of

















abrasives in a metal binder (brass) and the wheel has a diameter of dw=25 cm. 
The average size of the abrasive grains on the wheel is 90 µm with a standard 
deviation of 15 µm, which means that approximately 25 µm of the grain is 
protruding from the binder of the grinding wheel as substantiated in paragraph 
3.2.1 [25]. During the grinding process, water-oil emulsion was used as a 
coolant to avoid burn out and thermal damage. Various processing parameters 
were used as listed in table 4.2.  
The specimens were glued on a steel plate with hot wax (dissolvable in acetone) 
and mounted on the grinding machine. They were ground within one single 
pass. After grinding the samples were ultrasonically cleaned with acetone (to 
dissolve the wax) and alcohol. The surfaces of the ground tungsten carbides 
were studied using various techniques mentioned in chapter 2. 
 
table 4.2: The  grinding parameters used during the grinding 
experiments on the Jung grinding machine 
Specimens Parameters  
WC-10 wt% Co 
3,5,10 and 20 µm  
WC-grains 
wheel speed sv  
table speed wv  
depth of cut cutd  
 
30 m s  
12.2 m min  
4 µm  and 10 µm  
for each type 
WC-20 wt% Co 
3 µm WC-grains 
 
wheel speed sv  
table speed wv  
depth of cut cutd  
30 m s  
3 m min  
2, 5  and 9 µm  
 
4.4.1 The resulting surface layer 
After grinding, the morphology of the resulting surface layer was studied. The 
backscatter detector of the SEM was used in order to enhance the contrast 
between the cobalt phase and the tungsten carbide grains and to reveal the 
cracks inside the tungsten carbide grains. In figures 4.5 and 4.6 the typical 
morphology of the ground surface is shown. It was observed that after grinding 
the tungsten carbide grains were fragmented and the cobalt was smeared over 
the surface.  
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The material removal behaviour in the tungsten carbide hardmetals has been 
studied by various other researchers [4,9,10]. Also here, studying the ground 
surfaces in more detail, it is shown that during grinding, the tungsten carbide 
grains are mainly cracked and pulverised by the high-applied (tensile) stresses 
of the diamond abrasive grains on the grinding wheel as also is observed 
during the scratch tests. Some of these carbide grains are pulled-out, leaving 
pits at the surface, and a part of the grains is plastically deformed by the 
compressive stresses in front of the cutting points. It is assumed that the 
relatively soft metal binder will be smeared out over the surface with the 
pulverised WC grains and in addition, the cobalt is partly removed from the 
surface together with the tungsten carbide grains and fragments. 
The deformation of the tungsten carbide surfaces by scratch tests shows a 
dependence of the removal behaviour on the ratio between the size of the 
indenter and the tungsten carbide grain size [26,27]. A similar dependence was 
found during the abrasive processing (grinding) of such hardmetals. In the 
hard-metals with smaller grain size more pull out, pulverisation and 
fragmentation of tungsten-carbide grains was found. At the surface of those 
with the bigger grain sizes pull out was found at localised areas between the 
grains at the surface. Some of these big WC grains at the machined surface are 
cracked. 
figure 4.5: The morphology of a ground WC-Co surface. 
Micrograph of ground WC-10wt%Co with 10 µm tungsten carbide grains, dcut=10 µm. The
surface is viewed at an inclination angle of approx. 10° to show the ploughing behaviour of
the material during the grinding process. Some pull out of tungsten carbide can be found at








In order to study the subsurface, cross-sections of the cobalt tungsten carbide 
samples were made by cooling the sample to liquid nitrogen temperature and 
by subsequent breaking. The cross-sections were made perpendicular to the 
grinding direction. SEM micrographs of the fracture surface at the machined 
surface show that the grinding process resulted in a distinguished layer on top 
of the ground surface as is shown in figure 4.7. The morphology of this layer 
varied with different WC grain size, different cobalt content and with the 
grinding parameters. The thickness of such a deformed layer for the sample 
shown in figure 4.7, with 20 µm grains and a cobalt content of 10 wt% was 
approximately 1.5 µm as indicated in the figure. Further study of the layer 
proved that the thickness varied along the surface. The layer was thicker at the 
valleys of the ground surface and somewhat thinner at the ridges. The average 
figure 4.6: The morphology of the ground surface of various  cemented carbides. 
SEM micrographs of the ground surfaces of tungsten carbides with 10 wt% cobalt using the
backscatter detector at the same magnification. The grinding parameters were:  wheel speed
vs = 30 m/s, infeed of the workpiece vw=12.2 m/min and depth of cut dcut=10 µm. Oil-water
emulsion was used as a coolant. The grinding direction was from left to right on the
micrograph. The image in the right lower corner shows some pull-out of cobalt between the
tungsten carbide grains indicated by arrow a. It is also shown that the tungsten carbides are
fragmented and smeared over the surface.The arrows b indicate cracks in the WC grains. 
3 µm WC grains
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thickness of the deformed surface layer was studied for the WC-20 wt% Co with 
the 3 µm WC grain size for different depth of cut during the grinding process 
dcut=2, 5 and 9 µm. No relation could be found between the thickness of these 
layers and the grinding parameters (such as depth of cut and hence grinding 
force) or materials properties.  
This surface layer can be explained from the subsurface stresses applied by the 
grinding process. Calculations based on the model that was proposed in 
chapter 3, show that the maximum grinding induced stresses (σz≈6 GPa, see 
section 4.5) are above the fracture strength of the cemented carbides. This 
maximum is located in the hydrostatic core, that extents to approximately 13 
µm below the surface. Therefore, it is likely that part of the material will 
fracture within the core, see also the next section about the comparison between 
the three-dimensional model and the experiments. The variations in depth of 
the maximum stress is only slightly dependent on the depth of cut. 
The morphology of this layer does vary with different WC grain size, cobalt 
content and with the grinding parameters. For the specimens with the larger 
grain sizes the deformed layer also contained larger fragments of tungsten 
carbide. In figure 4.8a and 4.8b SEM micrographs of the deformed layer on the 
specimen with 3 µm grains is shown at high magnification using the backscatter 
detector and the secondary electron detector, respectively. In figure 4.8a, the 
small white parts are the fragmented and pulverised tungsten carbides. In 
figure 4.7: Cross-section of a ground specimen. 
SEM micrographs of a fractured cross-section of ground WC-10 wt% Co with 20 µm
tungsten carbide grains, dcut=4 µm. The typical size of the deformed layer on top is 1.5 µm.












figure 4.8b, it is visible that there is still cobalt between the tungsten carbide 
fragments. EDS and AES elemental mapping was used to investigate the cobalt 
content of the deformed layer and to study the place of the cobalt inside this 
layer. First, an EDS-map was made of the polished and heat-treated samples 
using the Co L peak of 0.776 keV and an accelerating voltage of 4 keV. This low 
voltage was applied to get a small information depth and therefore in particular 
the deformed layer is measured. The SEM micrograph and the Co map are 
shown in figure 4.9a and 4.9b, respectively, demonstrating the dispersed 
tungsten carbide grains in the cobalt matrix. In figure 4.9c and d a micrograph 
and Co-map of ground tungsten carbide-cobalt is shown. Note that the 
information depth of the EDS measurements is of similar size as the thickness of 
the deformed surface layer. Therefore, the cobalt map is an average over the 
whole layer. The cobalt map shows that the cobalt is smeared evenly over the 
surface. Only at a few local spots, there is a slight increase in cobalt, mainly in 
the holes of the smeared layer.  
Auger- maps of cobalt were acquired to study the chemical composition at the 
surface of the deformed layer. Because of the shallow escape depth of the Auger 
electrons compared to thickness of the deformed layer the cobalt distribution 
within this layer can be studied (information depth ~1.1 nm). First Ar+  
sputtering was applied for 2 minutes to clean the surface from contaminants. 
The 771 eV LMM energy peak was used and the cobalt map is shown in figure 
figure 4.8: High magnification of the deformed layer. 
High magnification of the deformed and separated surface layer on top of the ground surface.
a. Back scatter SEM micrograph showing the fragmented tungsten carbides in the layer
(white) b. SEM micrograph using the secondary electron detector showing the morphology
of the deformed film. The difference between a and b shows that there is Co present between
the pulverized tungsten carbide grains. 
WC WC
Co Co
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figure 4.9: EDS and AES cobalt maps and the SEM micrographs. 
The EDS and AES map of cobalt on the ground surface of WC-10 wt% Co with 20 µm
grains. a: SEM micrograph of polished and heat-treated tungsten carbide. b: EDS Co-map
using the 0.776 keV peak at 4 kV of the same area as in a. c: Micrograph of ground cobalt-
tungsten carbide. d: EDS Co-map using the 0.776 keV peak at 4 kV of the same area as in c.
e: SEM micrograph of a groundWC-10 wt% Co specimen with 20 µm grains after cleaning















4.9f. From the comparison of the cobalt map with the SEM micrograph of the 
same area, it can be concluded that at some localised spots, mainly in the pits of 
the deformed surface layer, there is an increase in cobalt. 
The ground surface was etched for the cobalt phase in order to remove the 
deformed surface layer to study the deformation in the material underneath 
this layer. The etchant contained a solution of 15 ml demineralised water, 15 ml 
glacial acetic acid, 60 ml hydrochloric acid 32% and 15 ml nitric acid 65% [28]. 
After 30 seconds of etching, the surface was cleaned using alcohol and 
subsequently acetone. The etched surface was examined using SEM. Only 
specific parts of the deformed surface layer were removed by the etching 
process, leaving pits in the deformed surface layer as shown in figure 4.10. The 
morphology and thickness of the retained surface layer were studied by 
changing the angle of inclination of the specimen relative to the electron beam 
to approx. 45° as is shown in figure 4.11. The varying thickness of the deformed 
layer is visible in the micrograph. The thickness seems to be thinner at the 
ridges of the ground surface, i.e. at the protruding tungsten carbide grains and 
seem to be thicker at the valleys of the surface. 
The tungsten-carbide grains at the bottom of the pit were studied at higher 
magnifications. It was observed that most of the subsurface tungsten carbide 
grains at the machined surface were plastically deformed by slip (no 1 in figure 
4.12a). Some of the carbide grains contained three different slip planes as is 
figure 4.10: Etched surface of ground WC-Co. 
Topview of the ground surface after etching, showing a pit in the surface layer with the
plastically deformed WC grains. Only parts of the surface layer are dissolved which indicates
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figure 4.11: Etched surface of WC-Co. 
SEM micrograph of the etched surface of ground tungsten carbide- cobalt hardmetal. The 
surface layer was etched specifically for the cobalt phase. The tungsten carbides at the bottom 
of the etch pit were plastically deformed by slip on the prismatic planes (symmetry). The










figure 4.12: Deformed tungsten carbide grains underneath the deformed layer. 
High magnification micrographs of broken and plastically deformed tungsten carbide grains
in an etch pit and hence just below the deformed surface layer. The cobalt binder is etched
away. 1 slip lines is a deformed grain 2 cracks due to tensile stresses during the grinding










indicated in figure 4.12b. Since the c/a ratio of the hexagonal lattice of tungsten 
carbide is very small c/a≈0.97 compared to the ideal of 1.633, the preferred slip 
system may differ from slip in the basal plane as observed in most hexagonal 
systems. Here threefold symmetry was observed, which indicates that the 
tungsten carbide was deformed by }0110{  prism slip. Other researches also 
reported slip in the WC grains in cemented carbides using indentations, 
transverse rupture tests and scratch tests, respectively [1,3,4,29]. A number of 
cracks (no 2 in figure 4.12) were found in some of the tungsten carbide grains. 
Engqvist [3] showed that cracking might appear for scratching tungsten carbide 
in different crystallographic directions. It should be noted here that the 
deformation mechanism described above, i.e. the plastic deformation and 
cracking, will relax the stress in the material. 
4.4.2 The surface topography of ground tungsten carbides 
The surface roughness of the ground cobalt tungsten carbides was examined by 
scanning confocal microscopy. Using this technique, 3D profiles can be 
recorded of ground surfaces at different magnifications, see paragraph 2.3.1 and 
appendix 2. From the 3D profiles obtained by the confocal microscope 
measurements, the surface roughness values, such as Ra, Rz, and the Hurst 
exponent were calculated. The Hurst exponent H (0<H<1) is a measure of the 
degree of surface roughness at short wavelengths. Small values of 0H =  
characterise the extremely irregular surfaces, while large values of 1H =  
delineate surfaces with smooth hills and valleys. The Hurst exponent and the 
characteristic correlation length ξ can be determined from the height-height 
correlation function: G(r)=<[h(x+r)-h(x)]2>, where h(x) is the roughness 
fluctuation perpendicular to the grinding direction, with <h(x)>=0 (See Meakin 
[30] and chapter 2, § 2.2.3).  
First, the three dimensional topographies were corrected for artefacts and 
possible tilt. Spikes in the confocal microscopy images were removed by 
applying a mean filter using the maximum surface slope that can be detected by 
the used microscope objective (appendix 2.1). The tilt is corrected by fitting a 
plane to the data using the least squares method and by subtracting this plane 
from the data. Finally, the images were filtered by a fast Fourier filter using a 
cut-off length specified by the DIN standard. However, it should be mentioned 
that the sample length is too small to get roughness values exactly according 
the DIN standard. 
   GRINDING OF CEMENTED CARBIDES 
 
  85 
In figure 4.13 an example is shown of ground cobalt – tungsten carbide surface, 
recorded by the scanning confocal microscopy using the 20x/0.46 objective. The 
typical profiles perpendicular and parallel to the grinding direction are also 
displayed. It can unambiguously be concluded that the roughness along the 
grinding direction is smaller than perpendicular to the grinding direction. The 
average roughness values Ra and Rz perpendicular and parallel to the grinding 
direction were calculated from 512 lines. It should be noted again that the 
calculated Ra and Rz values are not according to the DIN standards because the 
length of the roughness lines were too short.  
The height distributions and bearing curves (see chapter 2) were determined 
from the 3D surface topographies and the typical result is shown in figure 4.14 
for the same surface as used in figure 4.13. A Gaussian distribution was fitted to 
the height histogram as shown in figure 4.14. It is clearly visible that the height 
distribution has a small negative skewness with respect to the fitted Gaussian 
curve. The bearing curves are calculated from the height histograms. By 
comparing the graphs of the normalised bearing curves for different surfaces 
the differences in surface topography can be studied. 
The average correlation function <G(r)> was calculated for 150 lines on 3 
different images at the same magnification perpendicular and parallel to the 
figure 4.13: Topography of a ground WC-Co surface. 
Confocal microscopy image of a ground WC-10 wt% Co with 5 µm tungsten carbide grains
using the 20x/0.46 objective. The typical profiles are also shown, perpendicular and parallel
to the grinding direction, along the lines marked by the arrows a and b, respectively. The
depth of cut dcut was 10 µm. The rest of the processing parameters were as presented in table
4.2. 
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grinding direction (see figure 4.15) for all of the objectives. The magnification 
should be chosen to optimise for the correlation length and the characteristic 
features at the ground surface.  
The roughness values for the ground WC-10 wt% Co samples are listed in table 
4.3. The results show that the roughness of the ground surfaces depends on the 
tungsten carbide grain size inside the specimens and hence there is a relation 
with the hardness of the material i.e. the harder the material the rougher the 
ground surface. It seems that the roughness increases for the smaller grain size 
although more pullout was observed on samples with the larger grain sizes 
because fragments of tungsten carbide grains are broken and removed from the 
surface. This would result in a higher roughness because of those pits. More 
pulverisation was found on the samples with smaller grain sizes. However, the 
roughness parallel to the grinding direction is less depending on the carbide 
grain size. Referring back to figure 2.6, the conclusion can be draw that the 
material response is present more clearly perpendicular to the grinding 
direction. The pile-up or fracture is present more predominantly in the profiles 
perpendicular to the scratch direction. On average, the Ra roughness values, 
perpendicular to the grinding direction, were higher than parallel to the 
grinding direction as shown in the table [31]. This difference in roughness was 
figure 4.14: Height histogram and Abbott curve of a ground WC-Co surface. 
The height histrogram calculated from the 3D recorded topography of ground WC-10 wt%
Co with 5 µm tungsten carbide grains. The small negative skewness is clearly shown by
comparing the height distribution to a Gaussian distribution as demonstrated in the figure.
The Abbott curve (cumulative height distribution) was calculated from the height
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higher for the hardmetals with smaller tungsten carbide grain sizes. The height 
distributions had a small negative skewness in the order of 0.25skR ≈ −  for most 
of the specimens [32]. For the cemented carbides with the 20 µm WC grains the 
skewness of the height histogram was somewhat higher, reflecting the presence 
of pits.  
 
table 4.3: The roughness parameters determined from the scanning confocal 
microscope images of the WC-10 wt% Co specimens for different depth of cut. The 
10x/0.30 objective was used to determine Ra┴,║ and Rz┴,║, the 20x/0.46 objective 
was used to calculate the height-height correlation function (H and ξ). Ra┴, Rz┴, 
Ra║, Rz║ and ξ are given in µm. The grinding parameters are presented in table 4.2 




 0.77 ± 0.11 
 0.69 ± 0.69 
 0.78 ± 0.09 
 0.72 ± 0.06 
 0.28 ± 0.03 
 0.28 ± 0.03 
 0.30 ± 0.03 




 3.5 ± 0.3 
 3.3 ± 0.1 
 3.5 ± 0.3 
 3.4 ± 0.4 
 1.6 ± 0.1 
 1.6 ± 0.1 
 1.7 ± 0.1 




 0.23 ± 0.06 
 0.27 ± 0.08 
 0.28 ± 0.08 
 0.26 ± 0.07 
 0.20 ± 0.04 
 0.21 ± 0.04 
 0.24 ± 0.05 




 1.10 ± 0.18 
 1.14 ± 0.17 
 1.26 ± 0.19 
 1.21 ± 0.23 
 0.97 ± 0.14 
 1.08 ± 0.14 
 1.25 ± 0.20 
 1.36 ± 0.19 
H dcut=4 µm dcut=10 µm 
 0.77 ± 0.02 
 0.72 ± 0.02 
 0.82 ± 0.03 
 0.80 ± 0.03 
 0.72 ± 0.02 
 0.74 ± 0.02 
 0.73 ± 0.02 
 0.76 ± 0.02 
ξ dcut=4 µm dcut=10 µm 
 20 ± 1 
 27 ± 2 
 19 ± 2 
 19 ± 2 
 12 ± 1 
 17 ± 1 
 14 ± 1 
 15 ± 1 
 
In figure 4.15 the height-height correlation function is shown for all specimens 
at the same magnification (20x). The Hurst exponent H was calculated from the 
least-square fit to the left part of the graph. In addition, the correlation length ξ 
was calculated from the height-height correlation function. The results are 
presented in table 4.3. The Hurst exponents H of H≈0.75 means that the surface 




was not completely formed randomly (H=0.5) although the grains on the 
grinding wheel are distributed randomly. However, the Hurst exponent 
indicates that a correlation can be found perpendicular to the grooves. As the 
increment, r becomes smaller the correlation will become stronger. This is 
explained by the movement of the grinding wheel and the formation of the 
surface profile that can be described by a set of equations (chapter 3), which will 
lead to smooth grooves on the surface [25]. Within such a groove, a stronger 
correlation is expected. The Hurst exponents found, are similar to the values 
determined for the ground surfaces of some ceramic materials [33,34]. The 
correlation length ξ corresponds to the average abrasive grain size on the 
grinding wheel. Note that only the most protruding part of those grains is used 
for the grinding operation and therefore the correlation length is somewhat 
smaller than the measured grain sizes on the wheel.  
In addition, the material removal behaviour has an influence on the correlation 
length. The material response of the cemented carbides with the smaller grain 
sizes results in the detachment of groups of grains bond together, because the 
abrasive grain size is much bigger than the grains in the material. This will 
figure 4.15: Height-height correlation functions for different specimens. 
The height-height correlation function G(x) calculated for the ground WC-10 wt% Co
specimens. The grinding conditions are shown in table 4.2 and the depth of cut was
dcut=10 µm. The correlation function was calculated from 150 profiles (2D) perpendicular to
the grinding direction. The inset shows the fitted data of the specimen with 3 µm WC grains
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result in a correlation length very similar to the abrasive grain size. The 
behaviour of the carbides with the bigger grains is somewhat different. The 
abrasive grains are of similar size as the tungsten carbide grains. This will lead 
to the fracture of cemented carbides rather then the removal of whole groups of 
carbides. This explains the smaller correlation lengths, measured on the 
cemented carbides with the larger grain size.  
4.4.3 Analysis of the residual stress induced by the grinding process 
X-ray diffraction was employed to examine the residual strain in the subsurface 
area of the ground specimens. The sin2ψ method (chapter 2 §2.3.3) was used to 
calculate the stress from strains in the specimens before and after grinding. The 
diffractometer was set up to measure the strains perpendicular to the grinding 
direction i.e. ϕ=90° as shown in figure 2.14. 
First X-ray diffraction (XRD) was used to analyse the structure of the hardmetal 
and to indentify the phases in the metal. The diffraction peaks versus 2θ, i.e. the 
phase analysis is displayed in figure 4.16.  In the figure, the Co reflections are 
marked and from those peaks, it can be concluded that both phases, fcc-cobalt 
(a) and hcp-cobalt (b), are present in the binder phase of the cemented carbide. 
Part of the fcc-cobalt phase, the high temperature phase, may be retained after 
the heat-treatment prior to the XDR experiments. The increase in cobalt content 
can also be observed from the diffraction curves by the increase in height of the 
cobalt diffraction peaks. All other peaks are reflections from the hexagonal 
lattice of tungsten carbide WC. There is no indication of the presence of the 
hexagonal ditungsten carbide phase W2C, which is known as a more brittle 
phase. 
The strains in the samples were measured using the {201} reflection of tungsten 
carbide, as indicated in figure 4.16, with CuKα radiation. The diffraction angle 
2θ=84.0° and a beam mask of 0.6x0.6 mm were chosen which resolves in a 
radiated area between 0.5 mm2 and 1.1 mm2 for ψ varying from -60° to 60°. This 
area contained at least 40 scratches of the abrasive grains on the grinding wheel 
and therefore local stress variations along the ground surface are averaged out. 
The penetration depth in the tungsten carbide was calculated for 2θ=84.0° and 
ψ=0° from equation (4.7) [16,35] where the reflected intensity I(z) at depth z can 
be evaluated. 






sin cos( ) e where
2
z
zI z I z θ ψ
µ
−
= =  (4.7) 
and µ represents the mass absorption coefficient of tungsten carbide. It was 
determined that 50% of the radiation comes from the first 0.9 µm and that 95% 
appears from a depth less than 3.9 µm, which is very similar to that found by 
Krawitz [16]. It should be realised that this penetration depth is of similar size 
as size of the tungsten-carbide grains in the materials used and that most of the 
reflected beam (68%) comes from the plastically deformed layer as denoted in 
figure 4.17, i.e. the integral of I(z) from 0 up to 1.5 µm. This means that only the 
average residual stresses in the deformed surface layer and the first layer of 
carbide grains are measured. Note that these layers had the largest interaction 
with the grinding wheel and are mostly deformed as shown by the SEM 
micrographs therefore it is expected that the residual stress state at the 
machined surface is different from the bulk residual stress. Some researchers 
figure 4.16:  Phase identification of WC-Co by X-ray diffraction. 
2θ –scan for the phase identification of the cobalt – tungsten carbide hardmetals by X-ray
diffraction. The peaks are marked a: cubic cobalt, b: hexagonal cobalt and all other peaks
correspond to the hexagonal lattice of tungsten carbide. The diffraction that was used for the
measurements of the macro stress, the (201) reflection of WC, is indicated in the figure. 
a
b
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electro-polished the surface to obtain a depth profile of the residual stress 
[18,36]. They found a compressive residual stress in tungsten carbide up to a 
depth of about 10 µm. 
The macro residual stress state was calculated from the strains using the X-ray 
elastic compliances for the (201) reflection in tungsten carbide [37]: 
S1=-2.25·1013 m2/N and ½S2=15.69·1013 m2/N (Ewc(201) =744 GPa, νwc(201)=0.17). 
The measured stresses on the polished and heat treated specimens, before 
grinding for the 10 wt% Cobalt specimens are presented in table 4.4 for different 
depth of cut (row A). An increase in compressive stress was found in the 
tungsten carbide phase of the polished and heat-treated samples with an 
increase of grain size although they all were stress relieved at the same 
temperature.  
Also the average stress increase caused by the grinding process, i.e. the 
grinding residual stress, is listed in table 4.4. The grinding residual stress is 
considered to be the difference between the total residual stress after grinding, 
measured with X-ray diffraction and the residual stress after the heat treatment. 
Although the specimens were ground at different depth of cut, i.e. different 
grinding forces, no relation was found with the grinding residual stress. For the 
different grain sizes, as well as for the different depth of cut, the residual stress 
seems to increase to a maximum total stress of the order of 1.5 GPa for all of the 
specimens. 
figure 4.17: Intensity of the reflected beam as function of penetration depth. 
SEM micrograph of the cross section at the ground surface and the graph of the intensity of
the reflected beam as a function of depth I(z) showing the shallow penetration depth
compared to the deformed surface layer and the average tungsten carbide grain size (in this
















This maximum residual stress can be explained by the stress relieve due to the 
cracking and plastic deformation in the tungsten carbide grains. Electron 
microscopy proved that most of the tungsten carbide grains at the ground 
surface contained slip-planes and some of them were cracked, see §4.3.1.  In 
earlier work researchers have noticed that the residual stress increases up to a 
maximum between 1 GPa and 1.5 GPa. [22]. The residual stress inside the 
carbide grains is of the same magnitude of the tensile strength of tungsten 
carbide. The strength of tungsten carbide is an upper bound for the residual 
stress σresidal< σstrength therefore the measured residual stress has a limit near 
1500 MPa [20,38]. 
 
table 4.4: The residual stress in MPa after heat treatment and the grinding 
residual stress measured by X-ray diffraction in the tungsten carbide phase using 
the (201) reflection of tungsten carbide and CuKα radiation. A: after polishing and 
heat-treatment B: total residual stress C: grinding residual stress 
WC-10 wt% Co 3 µm 5 µm 10 µm 20 µm 
A   -178  ± 59  -199  ± 70 
 -124  ± 46 
 -128  ± 52 
 -265  ± 64 
 -281  ± 83 
 -321  ± 106 
 -601  ± 98 
B dcut=4 µm dcut=10 µm 
 -1636  ± 222
 -1518  ± 147
 -1432  ± 142
 -1600  ± 174
 -1657  ± 445
 -1737  ± 502
 -1399  ± 464 
 -1397  ± 375 
C dcut=4 µm dcut=10 µm 
 -1458  ± 230
 -1319  ± 163
 -1308  ± 149
 -1472  ± 182
 -1392  ± 450
 -1456  ± 509
 -1078  ± 476 
 -796  ± 388 
 
4.5 COMPARISON BETWEEN THE EXPERIMENTS AND THE GRINDING MODEL 
4.5.1 Comparison of the surface topography 
The model proposed in chapter 3 is validated by calculating the roughness 
values of the experimentally produced surfaces and the simulated surfaces. 
Various experiments were carried out in order to compare the topography of 
the ground surfaces with the roughness that is calculated by the grinding 
model. The height-height correlation functions are calculated to confirm 
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accuracy of the model with respect to the lateral length scales. The average 
roughness values and its standard deviations are calculated from all the line 
profiles along the grinding direction and perpendicular to the grinding 
direction. From the one-dimensional models described in chapter 2, only a 
roughness (amplitude) value can be obtained. Here a comparison is made with 
these models using equation (3.12). The topography of the ground surface of the 
tungsten carbide specimens is measured using a confocal microscope with 
different objectives and magnifications. The following experiments were carried 
out:  
 
table 4.5: The  grinding parameters used for the comparison with the 
grinding model 
set  fixed parameters variable parameters 
Set I 
WC-20 wt% Co, 3 µm WC  
vs= 30 m/s, vw= 3 m/min 
D91 wheel 
dcut=2, 5 & 9 µm 
Set II 
WC-10 wt% Co  
vs= 30 m/s, vw= 12.2 m/min 
dcut=4 µm 
D91 wheel 
WC grain size 
3, 5, 10 & 20 µm 
Set III 
WC-2.5 wt% Co, 1 µm WC 
vs= 30 m/s, vw= 3 m/min 
dcut=3 µm 
Wheel 
D107, D91, D46 
 
First, grinding experiments were performed on cobalt – tungsten carbides with 
a tungsten carbide grain size of 3 µm and a cobalt content of 20 wt% with 
different depth of cut dcut (dcut=2, 5, 9 µm). The wheel speed and the speed of the 
workpiece were fixed at vs=30 m/s and vw=3 m/min, respectively. These 
specific experiments were carried out to study the consequence of the elastic 
deflections of the grinding wheel and the workpiece during the grinding 
process. It is thought that the measured roughness is smaller than the calculated 
roughness, since smoothing is caused by elastic recovery of the material after 
the machining process. The second comparison was done on the WC-10 wt% Co 
series with different carbide grain sizes (see table 4.3) to study the influence of 




the material response like pull-out. Finally, the topographies of ground 
tungsten carbides with 2.5% Co and a grain size of 1 µm using grinding wheels 
with different grain sizes (D107, D91 and D46) are compared. In table 4.5 the 
experiments are summarised. The set numbers refer to a specific set of grinding 
conditions as shown in table 4.5.  
The results of the experiments and the simulations of set I are listed in table 4.6. 
By comparing the roughness values of the line-profiles that were measured 
perpendicular to the grinding direction, it can be concluded that the grinding 
model overestimates the roughness. However, the roughness values measured 
parallel to the grinding direction are somewhat underestimated by the 
simulations. Elastic recovery during the real grinding experiments may have a 
smoothing effect in contrast to the pullout of tungsten carbides, which has a 
roughening effect. The effect of pullout is more pronounced when the 
roughness is smaller, like the roughness in the parallel direction. The one-
dimensional models predict Rz values of 0.50 µm and 2.5 µm for the parallel and 
perpendicular direction, respectively. It is clear from equation (3.12) that the 
influence of the depth of cut cannot be determined by the one-dimensional 
models.  
 
table 4.6 Comparison between the determined roughness values for different 
depth of cut. The labels exp. and sim. refer to the experimentally determined 
and simulated values, respectively 
2 µm 5 µm 9 µm      






ξ┴   
 0.38 ± 0.04 
 1.91 ± 0.15 
 0.22 ± 0.06 
 0.92 ± 0.16 
 0.71 ± 0.01 
 25 ± 3 
 0.53 ± 0.01
 2.40 ± 0.10
 0.15 ± 0.06
 0.32 ± 0.05
 0.84 ± 0.04
 5.3 ± 0.2 
 0.36 ± 0.05
 1.92 ± 0.23
 0.25 ± 0.06
 0.50 ± 0.17
 0.71 ± 0.01
 22 ± 2 
 0.53 ± 0.01
 2.46 ± 0.10
 0.18 ± 0.06
 0.42 ± 0.06
 0.84 ± 0.04
 5.4 ± 0.2 
 0.34 ± 0.03 
 1.79 ± 0.13 
 0.24 ± 0.07 
 0.99 ± 0.17 
 0.75 ± 0.02 
 14 ± 1 
 0.53 ± 0.01 
 2.49 ± 0.11 
 0.20 ± 0.06 
 0.50 ± 0.08 
 0.84 ± 0.04 
 5.4 ± 0.3 
 
In figure 4.18 the bearing curve and the height-height correlation function is 
shown for the grinding experiments and the simulations. The height-height 
correlation functions G(r) of the simulated topographies show some oscillations 
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at higher values of r. This can be explained by the fact that the grinding wheel 
was simulated using a quasi-random method, i.e. some characteristics of the 
regular lattice and simulated grains are present in the simulated topographies. 
From the normalised bearing curves it can be observed that the height 
distribution is different for the model and the experiment. The model has a 
higher skewness compared to the experiments, which can be observed from the 
bearing curve especially for the bearing area larger than 50%. From the height-
height correlation functions, the Hurst exponents H and correlation lengths ξ 
are calculated. The Hurst exponent of the ground surface is slightly lower than 
the exponent of the simulated topography is.  
The simulated correlation lengths are smaller than the correlation length 
measured from the ground surfaces. The correlation length of the experiments 
corresponds to the average abrasive grain size on the grinding wheel. Only the 
most protruding part of those grains is used for the grinding operation. Hence, 
the correlation length is smaller for the larger depth of cut since more grains 
will actually hit the surface and consequently the average distance between the 
grooves becomes smaller. However, the model shows no dependency of the 
correlation length on the depth of cut. This may indicate that all the simulated 
grains take part in the simulated grinding process.  
Fracture, pullout and other types of material response will lead to Hurst 
exponents closer to H=0.5, because they usually cause a random surface 
figure 4.18: The bearing curve and height-height correlation function for set II. 
The bearing curve and the height-height correlation function is calculated for the ground
surfaces and the simulated topographies versus depth of cut, where the experimental curves
are ,  and  for depth of cut 2, 5, and 9 µm respectively. The simulated surfaces are
















































topography. These events are not included in the simulations and as a result, 
the Hurst exponent of the simulated topographies is higher. The correlation 
length will also be affected because of the typical length scales on which the 
material removal behaviour takes place. 
For set II, only one topography was simulated because there are no materials 
properties implemented within the grinding model. For that reason, no 
difference is expected between the roughness values of the ground tungsten 
carbides with 10 wt% Co and different grain sizes. (see table 4.5). However, the 
study of the ground surfaces in paragraph 4.3.2 and in table 4.3 shows that the 
roughness values of the ground surface vary with tungsten carbide grain size. 
The surface topography was calculated using the simulation program and the 
parameters for set II in table 4.5.  
 
table 4.7 Calculated roughness values for set II,  
WC-10 wt% Co dcut=4 µm 
direction  Ra (µm) Rz (µm) H ξ  (µm) 
║ 0.39 ± 0.08 1.0 ± 0.2 0.85 ± 0.03  188  ±  25 
┴ 0.55 ± 0.03 2.6 ± 0.2 0.84 ± 0.03  5.7  ±  0.2 
 
The calculated surface roughness values for set II are shown in table 4.7. In this 
case, the calculated values using the one-dimensional models are , 1.0 µmzR =  
and , 2.7 µmzR ⊥ =  which are very similar to the three-dimensional model. A 
comparison is made with the values in table 4.3 were the results are presented 
of the grinding experiments on WC-10 wt% Co. The roughness values (Ra and 
Rz) of the simulated profiles lie between the roughness values of the specimens 
with the small grain sizes and the larger grain sizes. The measured roughness 
on the ground samples seems to relate to the hardness of the material, i.e. for 
the harder material, the roughness is higher. 
The bearing curves of the surface topographies of the ground specimens are 
displayed in figure 4.19. The bearing curves show that the height distributions 
of both, the simulated topography and the surfaces of the ground specimens, 
correspond well. However, the height distribution of the simulated surface has 
a higher (negative) skewness, i.e. more grooves are present with respect to the 
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average surface level. Further, the height-height correlation functions are 
plotted for the simulated surface and the experimental results. The Hurst 
exponent is somewhat larger than the experimental values. This is again 
interpreted by the fact that within the model, no random removal processes like 
fracture and pullout of grains takes place. For that reason, the Hurst exponent is 
expected to show a stronger correlation for the simulated surfaces than for the 
ground surfaces. The correlation length along the grinding direction 
corresponds to the average distance between the abrasive grains. The 
correlation length that is measured perpendicular to the grinding direction has 
the same order of magnitude as the correlation length calculated from the 
simulated surface (see table 4.3 and 4.7). This length corresponds to the average 
size of the abrasive grains. In figure 4.5, the characteristic length scale between 
the ridges of separated with a distance of approximately 15 µm is evident. 
In set III, grinding wheels with different abrasive grain sizes were used. The 
roughness values perpendicular to the grinding direction are calculated from 
the 2D profiles, simulated by the three-dimensional model (chapter 3). The 
average values for both, the grinding experiment and the simulated values, are 
presented in table 4.8. From this table the conclusion can be drawn that there is 
a reasonable agreement between the experimental topographies and the 
simulated topographies. The material used in these experiments consists of 
small tungsten carbide grains (1 µm) and has a low cobalt content (2.5 wt%). 
figure 4.19: Bearing curves and height-height correlation functions. 
The bearing curves and height-height correlation functions of the ground WC-10 wt% Co
specimens with various tungsten carbide grain sizes, i.e.  3 µm  5 µm 10 µm  20 µm.
,  is the curve for the simulated surface. The confocal microscope was used to measure the
topography in order to calculate the curves. The left graph was measured using the 10x/0.30
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Consequently, it is less elastic than the other cemented carbides and has a 
removal behaviour more closely to rigid, perfectly plastic. Slight deviations may 
occur due to vibrations of the grinding wheel during the abrasive process and 
besides materials properties are not included. In the one-dimensional models, 
the abrasive grain size is not taken into account (chapter 2). However, since the 
diamond concentration is the same for all the grinding wheels used the average 
spacing between the grains L varies. Therefore, a change in surface roughness 
based on this spacing L can be predicted using equation (3.14). The roughness 
values in the perpendicular direction with respect to the grinding direction are 
Rz=2.6 µm, Rz=2.5 µm and Rz=2.4 µm for the D107, D91 and D46 wheels, 
respectively. The three-dimensional model accounts for the average abrasive 
grain size as discussed in chapter 3. By comparing the values calculated by the 
one-dimensional model with the values from table 4.8, it can be inferred that the 
one-dimensional model fails in predicting the surface roughness in the case of 
different abrasive grain size. 
 
table 4.8 Comparison between the determined roughness 
values perpendicular to the grinding direction for different 
grinding wheels on the experimental and simulated 
topographies  
set III experimental (µm) simulated (µm) 
D107 Ra┴  Rz┴ 
 0.78  ± 0.15 
 3.20  ± 0.40 
 0.82 ± 0.06 
 2.87 ± 0.15 
D91 Ra┴ Rz┴ 
 0.74  ± 0.13 
 2.41  ± 0.21 
 0.71 ± 0.02 
 2.75 ± 0.12 
D46 Ra┴ Rz┴ 
 0.38  ± 0.09 
 1.17  ± 0.22 
 0.35 ± 0.02 
 1.41 ± 0.22 
 
In summary, the overall roughness and the trends in roughness formation can 
be predicted by the grinding model proposed in chapter 3 where the one-
dimension model (chapter 2) sometimes fail. However, fracture, pile-up and 
wheel wear should be included in the three-dimensional model in order to 
enhance the prediction of the correlation length on the surface topography. 
Furthermore, wheel wear was not considered so far and in addition, materials 
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properties are not included, i.e. a rigid-ideal plastic materials response is 
assumed.  
4.5.2 Applied stress and residual stresses 
In order to predict cracks and fracture caused by the grinding process, the 
applied stresses were calculated using the approach described in chapter 3 and 
appendix 3.1. The stresses were calculated for the WC-10 wt% Co material, 
which has a Young’s modulus of 650 GPaE ≈ , a Poisson’s ratio of ν=0.2 and a 
yield strength of 3 3.2 GPavY H≈ ≈ . The same grinding conditions are used for 
the simulations as that were used for the grinding experiments on this material. 
These conditions are listed in table 4.5, set II. The results of the simulations are 
presented in figure 4.20. The left image shows the applied stress during the 
grinding process and the figure to the right demonstrates the residual stress 
field after grinding both in normal direction, i.e. σz. This residual stress field 
was calculated by subtracting the elastic stress from the total applied stress 
(appendix 3A on page 60). 
The hydrostatic core extends to 13 µm and the elastic-plastic deformed region 
reaches up to 57 µm below the surface. It should be noted that relaxation 
processes were not included in the calculation of the regions; therefore, the 
figure 4.20: Simulated applied normal stress and residual stress. 
The stress fields are simulated using the theory of an expanding cylindrical cavity in an
infinite elastic-plastic medium. The maximum applied stress is located in the hydrostatic
core, the maximum residual stress is found at a depth of approximately 12 µm. The residual




































number is rather an upper limit. From the applied stress, the conclusion can be 
drawn that the maximum stress σz,max≈6.3 GPa is higher than the strength of the 
cemented carbide, approximately σstrength≈1.5 GPa. This maximum is located at a 
depth below the surface between approximately 1 and 2 µm. The material may 
therefore fracture at this depth as was observed in the cross-sections (figure 
4.7). The stress in the hydrostatic core is P*=–6.3 GPa. This value may be used to 
calculate the estimated depth of lateral cracks using a model proposed by 
Marshall et. al. [39-,40,41]. The depth at which the lateral cracks can be found is 
given by: 
( )1 11 12 *32 2(cot )Eh H PH ψ ≈      (4.8) 
where ψ is the effective attack angle of the indenter and P* is the applied load. 
Using the mechanical parameters of WC-10 wt% Co, h can be determined at it is 
found that h≈1.6 µm which is in accordance with SEM observations of the cross-
section (figure 4.7). 
It should be mentioned here that the residual stresses are in general measured 
along the surface, i.e. in x-direction assuming a biaxial stress state at the surface. 
In figure 4.20b, it can be seen that the normal residual stresses at the surface are 
negligible, at least up to the penetration depth of X-rays (~5 µm), which 
validates the assumption of a biaxial stress state at the surface. Figure 4.20b, 
cannot be compared with the measured X-ray residual stress, in paragraph 4.4.3 
because in figure 4.20b the residual stress in the normal direction is calculated, 
i.e. the stress in the z-direction. If the residual stress along the surface, traverse 
to the grinding direction could be calculated, than an average value should be 
compared using equation (4.9). 
0
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4.5 DISCUSSION AND CONCLUSIONS 
This chapter presents the results of plane surface grinding experiments on 
cobalt – tungsten carbide hardmetals. It was shown that the tungsten carbide 
grain size and especially the cobalt mean free distance determines the hardness 
of the material and therefore it will influence the wear resistance of metal 
matrix composite. The material removal behaviour was different for the 
cemented carbide with small grain sizes and for the larger grain sizes because 
of the ratio between the abrasive grain size and the tungsten carbide grain size.  
Scratch tests were applied to study the materials response when a single 
abrasive grain encounters the surface. It was observed that the pile-up is very 
restricted when a Vickers indenter is used. For other types of indenters the pile-
up may increase up to 20%. By applying a pure ploughing model, the rigid-
perfectly plastic material behaviour of the cemented carbides was verified. It 
was concluded that pure micro cutting, i.e. a rigid-perfectly plastic material 
behaviour is a reasonable assumption.  
During the grinding process of those tungsten carbides, material is mainly 
removed by pulverisation and fragmentation of tungsten carbide but also 
plastic deformation of tungsten carbide grains and the cobalt binder was 
observed. Furthermore, pullout of carbide grains or carbide fragments was 
observed mostly on the cemented carbides with the larger grain sizes. Some 
researchers attributed the plastic deformation of the composite fully to the 
deformation of the cobalt binder material. Other researchers suggested that the 
tungsten carbide grains might plastically deform. Here it is shown that a major 
part of the plastic deformation takes part in the tungsten carbide grains near the 
machined surface. The cobalt binder was partly removed together with 
fragmented carbides and was partly smeared over the surface.  
A separated and distinct deformed layer with an average size of 1.5 µm was 
observed on top of the ground surface. There is no relation found between the 
layer thickness and the grinding parameters or materials properties. However, 
the morphology of this deformed layer varied for the different microstructures. 
This layer consists of the fragmented and pulverized tungsten carbide grains 
and smeared cobalt. Just below this surface, most tungsten carbides were 
deformed by (prismatic) slip. This layer can be explained from the stresses that 
were applied to the material during the grinding process. These stresses were 
calculated using the grinding model, proposed in chapter 3. 




The relation between the surface roughness after grinding and the grain size i.e. 
the mechanical properties of the specimen was studied. It was shown that there 
is a relation between the correlation length and (abrasive) grain size. Part of this 
relation was ascribed to the pullout of tungsten carbide grains during the 
grinding process. The Hurst exponent was found to be the same as observed on 
the ground surface of other materials [33]. This may completely be attributed to 
the type of mechanical process by which the surface was formed. The minor 
differences in Hurst exponent and correlation length for different materials can 
be explained by the difference in material removal behaviour of these materials 
during the grinding process.  
An increase in compressive residual stress in the tungsten carbide phase of the 
hardmetal was measured by means of X-ray diffraction after grinding. 
However, it was observed that the total residual stress increases up to a 
maximum near the strength of the material and consequently, there was no 
relation between the stress and the grinding parameters. It was concluded that 
the applied stress was relieved by the plastic deformation and the cracking of 
tungsten carbide grains. It should also be mentioned here that calculations 
show that 68% of the X-rays were diffracted in the deformed surface layer. 
The results of the model are compared with the results of grinding experiments 
on cobalt – tungsten carbide for various grinding conditions in order to validate 
the model. It can be concluded that the roughness values of both correspond 
reasonably well. The simulations cannot predict variations in roughness for 
different tungsten carbides, ground with the same grinding parameters because 
there are no (mechanical) materials properties implemented in the model, i.e. a 
rigid-perfectly plastic material behaviour is assumed. Almond et. al. measured 
the stress-strain curve of cemented carbide [42]. From these curves, one may 
conclude that the material response may be approximated by a rigid-perfectly 
plastic behaviour. The possibility to calculate the applied and residual stresses 
during the grinding process will assist the prediction and study of cracks, 
fracture and performance of the ground materials.43 
REFERENCES 
  
1. H.C. Lee, J. Gurland, Materials Science and Engineering, 33 125-133 (1978) 
2. H. Engqvist, S. Jacobson, N. Axén, submitted to Philosophical magazine A 
3. H. Engqvist, S. Ederyd, N. Axén, S. Hogmark, Wear, 230 165-174 (1999) 
4. K. Jia, T.E. Fischer, Wear, 200 206-214 (1996) 
   GRINDING OF CEMENTED CARBIDES 
 
  103 
 
5. K. Jia, T.E. Fischer, Wear, 203-204 310-318 (1997) 
6. K. Anand, H. Conrad, Journal of Materials Science, 23 2931-2942 (1988) 
7. K.H. Zum Gahr, Microstructure and wear of materials, Tribology series 10, 
Elsevier, Amsterdam, 1987 
8. H. Engqvist, H. Hogberg, G.A. Botton, S. Ederyd, N. Axen, Wear, 239 219  (2000) 
9. S.F. Wayne, J.G. Baldoni, S.T. Buljan, Tribology Transactions, 33 611-617 (1990) 
10. O. Zelwer, S. Malkin, Journal of Engineering for Industry, 102 209-221 (1980) 
11. H.W. Zheng, G.Q. Cai, S.L. Wang, S.X. Yuan, Annals of the CIRP, 38 335-338 (1989) 
12. S. Malkin, R. Levinger, Wear, 51 157-167 (1978) 
13. R.M. Greenwood, M.H. Loretto, R.E. Smallman, Acta Metallurgica, 20 1193  (1982) 
14. D. Mari, A.D. Krawitz, J.W. Richardson, W. Benoit, Materials Science and 
Engineering, A209 197-205 (1996) 
15. A.D. Krawitz, M.L. Crapenhoft, D.G. Reichel, R. Warren, Materials Science and 
Engineering, A105/106 275-281 (1988) 
16. A.D. Krawitz, Materials Science and Engineering, 75 29 – 36 (1985) 
17. M. Miyano, Y. Hirose, Advances in X-ray analysis, 39 311-318 (1997) 
18. S. Tanaka, K. Higashi, Y. Hirose, K. Tanaka, ICRS 3, Residual Stress III 595  (1992) 
19. J. Willbrand, Archiv für das Eisenhüttenwesen, 43 503-508 (1972) 
20. H.E. Exner, International Metals Reviews, 4 149-173 (1979) 
21. E.E. Underwood, Quantitative stereology, Addison-wesly, 1970 
22. B. Roebuck, E.A. Almond, International Materials Reviews, 33 (2) 90-110 (1988) 
23. M.T. Laugier, Acta Metallurgica, 33 (11) 2093-2099 (1985) 
24. C.M. Perrott, Wear, 47 81-91 (1978) 
25. S. Shulepov, G. de With, N. Lousberg, J.B.J.W. Hegeman, J.Th.M. de Hosson, 
submitted to Journal of Materials Research 
26. A. D. Krawitz, M. L. Crapenhoft, D. G. Reichel, R. Warren, Materials Science and 
Engineering, A105/106 275-281 (1988) 
27. H. Engqvist, N. Axén, Tribology International, 32 527-534 (1999) 
28. G. Petzow, Metallographisches keramographisches plastographisches Ätzen, gebr-
üder Bornträger, Berlin, Stuttgart, 1994 
29. B.O. Jaensson, Materials Science and Engineering, 9 339-346 (1972) 
30. P. Meakin, Physics Reports, 235 189-289 (1993) 
31. S. Malkin, Grinding technology: theory and applications of machining with 
abrasives, Society of Manufacturing Engineers (SME), Michigan, 1989 
32. B. Bhushan, Priciples and applications of tribology, Wiley & Sons, New York, 1999 
33. P. Koshy, L.K. Ives, S. Jahanmir, Int. Journal of machine tools and manufacture, 39 
1451-1470 (1999) 
34. M. Hasegawa, J. Liu, K. Okuda, M. Nunobiki, Wear, 192 40-45 (1996) 
35. B. Eigenmann, E. Macherauch, Mat.-wiss. und werkstofftech., 26 199-216 (1995) 
36. B.O. Jaensson, Materials Science and Engineering, 8 41-53 (1971) 





37. J. Willbrand, Archiv für das Eisenhüttenwesen, 43 503-508 (1972) 
38. B.O. Sundström, Materials Science and Engineering, 12 265-276 (1973) 
39. B.R. Lawn, A.G. Evans, D.B. Marshall, Journal of the American Ceramic Society, 63 
(9/10) 574-581 (1980) 
40. D.B. Marshall, B.R. Lawn, A.G. Evans, Journal of the American Ceramic Society, 65 
(11) 561-566 (1982) 
41. S. Malkin, T.W. Hwang, Annals of the CIRP, 45 (2) 569-580 (1996) 
42. E.A. Almond, B. Roebuck, Materials Science and Engineering, 105/106 237-248 (1988) 
43. H.J. Hegge, T.Th.M. De Hosson, Acta Metallurgica et Materialia, 38 2471-2477 (1990) 
  GRINDING OF CEMENTED CARBIDES 
 105
APPENDIX 4.A 
In this appendix, the relation is explained between the hardness Hv and the 
grain size of the tungsten carbide grains within a cobalt matrix, to a certain 
extent the analysis is similar to the one put forward by Hegge and De Hosson in 
[43]. The hardness can be used as an indication of wear resistance and is 
therefore an important physical property in this research. The so-called Hall-
Petch relation, where 1 2vH d
−
∼ , is not valid for the metal matrix materials. As 
shown in paragraph 4.2.2 the hardness seems to be related to the grain size with 
an exponent smaller than m=-0.5, see equation (4A.1). Based on our 




v CoH k mλ= = −  (4A.1) 
This is in accordance with literature although a detailed description has not 
been presented. With reference to equation (4.2) and (4.4), equation (4A.1) can 












Although all tungsten carbide grains are assumed to have the same elastic limit 
0σ , they have a different resolved shear stress i imσ σ= , where mi is a 
numerical factor higher than unity mi>1. The i-th tungsten carbide grain starts 
to yield when iσ  gets higher than 0σ . It is supposed that in each tungsten 
carbide grain N sources (Frank-Read) becomes active, where each source emits 
ni dislocation loops having a complete width of l. The back stress of a source can 















∫ , (4A.3) 
where n(x’)dx’ is the number of dislocations between x’ and x’+dx where 
( ) d dn x b b x′ = ± . Asymptotically, for 2x l−  and assuming that l scales 















in the case of a super dislocation nib of edge character and A is a scaling factor. 






ε = , (4A.5) 
where V is the total volume of the sample. The average strain is then: 
0
31








∫  (4A.6) 
under the condition that there is a fraction 3if V d of WC grains between mi and 
mi+dmi. fi represents a distribution function fi(mi), depending on mi. Substitution 
of equation (4A.5) into equation (4A.6) gives: 
0 2
1
di i i iNm n bd f m
σ
σε = ∫  (4A.7) 






=  (4A.8) 
Substitution of equation (4A.8) into equation (4A.7), using i imσ σ= yields: 
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= −∫  (4A.9) 
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 of the spearhead of the pile-up can be obtained by considering the 
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The pile-up will induce slip in the adjoining grain if F

 reaches a critical value 
*F

. It should be noted that WC has a typical hexagonal structure in which the 
core structure of dislocations are more confined to the prismatic planes than the 
basal planes. Assuming the absence of cross-slip between the prismatic and 
basal planes, the density of dislocation sources scales as 2 3/N k d=  with k a 
constant (when in N c= , N scales like 1/d which results in 
1




















σ σ−∼ ∼  (4A.14) 
No cross-slip is observed after the deformation of tungsten carbide grains as 
shown in chapter 4 and demonstrated by Engqvist [3]. From the grinding and 
scratching experiments, it was observed that the slip primarily takes place on 






figure 4A.1: Vickers hardness versus tungsten carbide grain size. 
Plot of the measured Vickers hardness Hv versus the measured tungsten carbide grain size
dwc. The cemented carbides with various cobalt contents are used, see table 4.1. The solid line
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Chapter 5 
GRINDING OF MNZN FERRITE  
In this chapter, results of the grinding experiments on MnZn ferrite are presented. 
MnZn ferrite is a brittle ceramic material and it has a high magnetic permeability. It is 
well known that the grinding process will reduce the permeability at the machine 
surface. This reduction is explained by the grinding induced residual stresses at the 
surface, calculated by the model proposed in chapter 3. Because the removal mechanism 
for a polycrystalline ceramic is different from that of a ductile material, a new method is 
proposed for the simulation of the grinding process of ceramics. 
5.1 INTRODUCTION 
MnZn Ferrite is a soft magnetic material that is often used in recording devices, 
power supplies and televisions because of its high magnetic permeability. 
Usually, MnZn ferrite products are made by sintering MnO, ZnO and Fe2O3 
powders [1-,2,3,4]. However, the sintering process is often not as accurate as 
required by the size specifications. Therefore, grinding is generally employed 
for surface finishing because it combines high precision and high efficiency. On 
the other hand, mechanical damage at the machined surface will reduce the 
magnetic permeability and performance of a component. This is often explained 
by grinding induced residual stresses, but was never quantified directly from 
the grinding parameters [5-,6,7]. Moreover, various researchers studied the 
influence of stress on magnetic permeability for ferrites and other 
magnetostrictive materials [8-,9,10,11,12,13,14]. In addition, studies are 
performed on the change in permeability at the surface, after polishing [15-
,16,17]. In this chapter, the induced residual stresses are calculated from the 
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process parameters by the grinding model that was proposed in chapter 3. 
Because of the brittleness of the MnZn ferrite, which is a ceramic material, a 
more complex material removal behaviour is expected in comparison with the 
cemented carbides (chapter 4) [18-,19,20]. Moreover, when the average crack 
length becomes larger than the average size of the ferrite grains, classical 
fracture mechanics is not applicable since that is based on homogeneous 
materials. Besides, the cracks follow mainly the grain boundaries, which leads 
to chipping or pullout as shown in this chapter. A new approach is required to 
describe the grinding process of a polycrystalline ceramic. 
In this chapter, first the microstructure of MnZn ferrite after the sintering 
process is described. Then scratch tests are performed in order to study the 
removal behaviour when an individual abrasive grain encounters the surface of 
the workpiece. In the following paragraph the results of the grinding 
experiments are described, i.e. the surface morphology, roughness and the 
change in magnetic permeability. Finally, in paragraph 5.5 a model is proposed 
to simulate the surface of ground ceramics and to estimate the change in 
permeability. 
5.2 MICROSTRUCTURE AND PROPERTIES OF MNZN FERRITE 
The properties of the MnZn ferrite used in this chapter are related to the typical 
polycrystalline microstructure and the crystallographic structure of the ceramic. 
MnZn ferrite is produced by first pressing ferrite powders to a green body (25-
100 MPa) and then sintering the ‘green’ body at a temperature between 1150 °C 
and 1300 °C in a controlled oxygen environment to avoid a change in chemical 
composition [3]. An image of the typical microstructure is presented in figure 
5.1. The average grain size after sintering was measured with a Philips XL30 
FEG SEM using the mean line intercept method and is approximately 7 µm. 
Some residual pores are present after the sintering process. This affects the 
strength of the ferrite, because intergranular cracks may initiate at those pores 
and may cause fracture [2].  
Ferrite has a cubic spinel crystal structure [3,21]. In general, the chemical 
composition of the ‘soft’ ferrites can be written as MeFe2O4, where Me refers to 
divalent ions e.g. MnII, ZnII, NiII or FeII while the iron in Fe2O4 is trivalent. In 
this chapter, ferrites are used consisting of Mn and Zn. The chemical 
composition of the powders used for the production of MnZn ferrite is 71.0 wt% 
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Fe2O3, 20.3 wt% MnO and 8.7 wt% ZnO, which lead to an overall composition 
of Mn0.67Zn0.25Fe2.08O4. 
The mechanical properties of this material are: Young’s modulus E=170 GPa, 
Poisson’s ratio ν=0.3, Vickers Hardness H=6 GPa and fracture toughness 
1.2 MPa mIcK =  [2]. The magnetic properties that are used to study the changes 
in magnetic permeability are the saturation magnetisation Is=0.5 T and the 
average magnetostriction λs=-10-6 for polycrystalline ferrite at room temperature 
[5,22]. The Curie temperature of this MnZn ferrite is Tc≥220 °C. Sintered ferrites 
are used for the grinding experiments. Polished and stress relieved ferrites are 
employed for the scratch tests. The polishing induced stress was relieved by a 
heat-treatment: 2 hours annealing at 1000 °C in a controlled oxygen 
environment to prevent the evaporation of oxygen from the ferrite.  
5.3 SCRATCH TESTS ON MNZN FERRITE 
Force controlled scratch tests were performed to study the materials response 
during the engagement of an individual abrasive grain with MnZn ferrite. This 
is generally used as simulation of the grinding process. A rather blunt indenter 
(conical with a spherical tip R≈200 µm) was employed. The applied normal load 
varied from 0 N up to 60 N at different sliding speeds (5 – 50 mm/min). After 
the scratch tests, the grooves were investigated with a Philips XL30 FEG 
figure 5.1: Microstructure a sintered MnZn Ferrite. 
In this SEM micrograph, the microstructure of polished and heat-treated MnZn ferrite is
shown. The chemical composition of the material is Mn0.67Zn00.25Fe2.08O4. The average grain
size determined by the mean line intercept method was approximately 7  µm. Some residual














figure 5.3: SEM micrograph of a scratch on MnZn ferrite. 
The scratch is made with a conical indenter with a spherical tip (R≈0.200 µm) and is viewed 
at an inclination angle of 45°. The sliding direction in this figure is downwards. 
Characteristic events are a scale-like cracking within the groove b radial cracks extending 
out of the groove c pullout of single or small groups of grains d chips removed from the 
surface e lateral cracks near the chipped region. 
figure 5.2: Schematic picture of deformation mechanism induced by scratching ceramics. 
This picture shows the typical removal behaviour of material from the surface during the
engagement of an individual abrasive grain with the ceramic, ferrite surface. After Zhang, 
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scanning electron microscope and a µsurf scanning confocal microscope (see 
chapter 2).  
According to literature, ceramic material exhibits the following behaviour 
during scratch tests with increasing normal force: plastic deformation, scale like 
cracking and chipping as indicated in figure 5.2 [23-,24, 25,26]. A distinction is 
made between the median, radial and lateral cracks shown in figure 5.2. Lateral 
cracks may enhance the removal rate because when the cracks grow or if there 
is an interaction between the cracks of adjacent grooves, chips may be removed 
from the surface. It is reported that especially median cracks degenerate the 
strength of the material [25-,26, 27] 
When the indenter compresses the MnZn ferrite at very low loads, the material 
is only plastically deformed resulting in a smooth groove. Some of the material 
under compression is forced to the sides of the groove and a pile-up next to the 
groove will be formed. Already at very low loads, scale like cracking, i.e. small 
cracks perpendicular to the sliding direction, appears within the groove due to 
the tensile stresses behind the indenter as shown in figure 5.3. At somewhat 
higher loads (Fn>10 N), pullout of single grains and small chips, i.e. groups of 
some grains can be observed. As the load increases higher than 20 N, frequent 
chipping can be seen and at even higher loads 40 N≅ , large triangular shaped 
chips will be removed from the surface. Within the groove near the sintering 




















figure 5.4: SEM micrograph of a scratch on MnZn ferrite and the loading curve. 
The micrograph shows the chipping of ferrite from the surface by brittle fracture at rather
high loads using a Vickers indenter. The corresponding loading curve is shown. At a load
below 20 N no chipping was observed and the ferrite was deformed mainly plastically. 
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In figure 5.3, most of the events described above can be seen on the scratched 
surface of MnZn ferrite at a normal load of 30 N. In figure 5.4 a SEM 
micrograph is shown of a scratch groove at higher load ( 50 N≅ ) and also a 
graph of the measured normal load versus scratch distance is shown. Severe 
chipping can be observed at these loads as indicated in the figure. After such a 
chip is removed from the surface, a ‘dip’ is observed in the loading curve 
presented in figure 5.4 because the support of the indenter is shortly lost. This is 
the typical removal behaviour of ceramics at higher loads and higher strain 
rates. However much difference was not obtained within the speed range of the 
scratch experiments. During the grinding process, the abrasive grains move at 
30 m/s rather than at 50 mm/min that is used for the scratch experiments. The 
advantage of slow sliding speed is to prevent heating of the specimen. This 
means that most of the material is removed by fracture and pullout of grains 
during the grinding process.  
The friction coefficient is determined from the normal and tangential forces 
measured during the scratch experiments, and results in 0.17 ± 0.03n tF Fµ = = . 
The pileup was calculated from the two-dimensional profiles and it was found 
that the pileup decreases with increasing load. Pileups were found up to 50% 
for a conical indenter with a spherical tip (see figure 5.5). It was reported in 
literature that the pileup depends on the shape of the indenter, and therefore it 
is expected that the amount of pile-up may be less for sharper indenters like a 
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figure 5.5: Scanning confocal microscopy images of scratched ferrite. 
A constant normal load was applied Fn=30 N. Using the confocal microscope, the pile-up is
determined and is up to 50% for a spherical indenter. The removed fraction fab≥1 because
chipping occurs. Pullout of single ferrite grains from the surface is also observed. 
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be assumed blunt (chapter 3). Also the cracking caused by a relatively blunt 
indenter is less than the cracking caused by a sharp indenter because high, 
localised stresses are avoided.  
In the next section, the same characteristic removal behaviour of the ferrites 
during the grinding experiments will be shown. Grinding is assumed to be the 
superposition of single scratches with abrasives, the so-called ‘unit-event’. 
However, due to the interaction between adjacent grains, i.e. when two abrasive 
grains on the grinding wheel are close to each other and encounter the surface, 
the applied stress, and therefore the chipping, may be different then expected 
from the superposition of individual scratches [25]. In this case the cracks of 
both scratches may overlap and as a result the material removal is enhanced. 
5.4 MORPHOLOGY AND SURFACE CONDITION OF GROUND MNZN FERRITE 
5.4.1 The morphology of ground MnZn Ferrite 
A Jung JF415 grinding machine for plane surface grinding is employed during 
the grinding experiments. Two grinding wheels D46 and D91 were used with 
different grain sizes (see chapter 3). Rather normal grinding conditions were 
chosen for the grinding experiments: vs=30 m/s and vw=6 m/min because 
significant differences are reported in magnetic permeability before and after 
grinding at these processing conditions [5,6]. The depth of cut was varied from 
2 µm up to 10 µm, because at higher depth of cut, i.e. higher applied stresses, 
more damage is expected at the machined surface. However, this was not 
confirmed, neither by the SEM studies, nor by the investigations with the 
scanning confocal microscope § 5.4.2.  
The material behaviour upon grinding is very different compared to the rigid, 
perfectly plastic response assumed in chapter 3 and observed for cemented 
carbides in chapter 4. Because ferrite is very brittle, the removal behaviour 
shows some typical results like pullout and chipping. Some of the typical events 
are marked in figure 5.6 and 5.7. It is shown that ferrite grains may be sheared 
out, but also a part of the surface is plastically deformed. As a result of 
chipping, the removal rate is enhanced. Comparing the resulting morphologies 
in figure 5.6 with the typical removal behaviour observed during the scratch 
tests, it can be concluded that similar events happen and that chipping and 
shearing out of individual grains is an overriding removal process. However, 
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also cracks were observed on the ground surface, like in the grooves of the 
scratch tests. The cracks seem to extend from the plastic deformed regions as 
can be seen on an inclined surface in figure 5.7. The cracks are mainly seen 
between the grain boundaries, but occasionally ferrite grains are fragmented by 
intragranular cracks. The surface is etched with a solution of 75 ml acetic acid 
(100%), 25 ml nitric acid (60%) and 1.5 ml fluoric acid (40%) at 353 K for one 
minute to reveal the cracks at the machined surface. The result is shown in 
figure 5.7b. From the image, it is confirmed that most cracks extended from the 
plastic zone and developed along the grains boundaries.  
Several models have been derived to predict cracks and crack lengths in 
ceramics after the grinding process [25,29-,30, 31]. Those models are generally 



















figure 5.6: Typical microstructures of ground MnZn Ferrite. 
SEM micrographs of the ground surface ground of MnZn ferrite at different magnifications.
The grinding conditions were vs=30 m/s, vw=6 m/min and dcut=10 µm. The grinding wheels
D46 and D91 were used for the left image and the right image, respectively. The picture
shows pull-out of grains a, plastic deformed/smeared areas b containing cracks d. In c
intragranular fracture of a single grain is shown and e are the residual pores after the
sintering process. 
  GRINDING OF MNZN FERRITE 
  117 
because of the granular nature of the ceramic. Various researchers investigated 
the effect of ductile regime grinding, i.e. low depth of cut (see figure 2.7), to 
avoid severe damage like lateral and median cracks at the ground surface 
[19,32]. The length of the cracks in our experiments is estimated by a model 
based on the plastic zone around an expanding cylindrical cavity. Marshall et 
al. related the length of the cracks to the applied load ( 2 3~c P ) for various 
indenter geometries [33,34]. A distinction is made between the median cracks 
and the lateral crack (see figure 5.2) where the latter may cause chipping when 
the length of the crack increases. Applying the model for a cylindrical cavity 
with a radius equal to the effective radius of the abrasive grains using the 
mechanical properties of MnZn ferrite mentioned in section 5.2, results in 
estimated crack lengths ranging from 8 µm to 15 µm, which is approximately 
two grains long. This indicates that pullout of grains and chipping is possible as 
was observed from the SEM images. The cracks shown in figure 5.7 are also of 
the same order of magnitude. The stress that is applied during the grinding 
process is developed in the range of a few grain sizes, i.e. the elastic-plastic 
region reached from 20 µm up to 50 µm beneath the surface (appendix 3A).   
5.4.2. Surface roughness of ground MnZn Ferrites 
Scanning confocal microscopy (µsurf of Nanofocus, see chapter 2) is used to 
study the threedimensional surface topography of the ground ferrites. The 
confocal microscope is an indispensable tool because the ground ferrite surface 
figure 5.7: Inclined view (70°) and an etched surface of ground MnZn ferrite. 
From the SEM micrograph, it can be seen that the cracks are extending from the plastically
deformed regions. The surface was etched with a hot solution of acetic acid, nitric acid and











contains sharp edges and steep slopes. Other profilometer techniques will fail 
because steep angles cannot be detected due to tip-size effects. However, the 
confocal microscope has also a limited detectable surface slope (see appendix 
2A), but the actual detectable angles might be better (steeper slopes) because of 
the presence of micro roughness within the spot size. Still some spikes are 
observed in the raw data files, especially at the edges of the ferrite grains These 
spikes are removed by applying a mean filter at the points which have a lower 
angle with respect to the optical axis then specified for the used objective 
(appendix 2A). After filtering the data, the topography is corrected for tilt, by 
fitting a flat plane and subsequently subtracting the plane from the surface. The 
surface obtained by this method is used for further analysis. 
A typical surface of ground MnZn ferrite is shown in figure 5.8 (wheel D46 and 
depth of cut 6 µm). The grinding direction was from left to right. In the image, 
the difference in roughness between the line profiles in perpendicular direction 
and in parallel direction with respect to the grinding direction is less 
pronounced by smooth grooves as was observed on the ground surface of 
cemented carbide. This is due to the shearing out of ferrite grains and the brittle 
fracture at the machined surface. The height distribution is given in figure 5.9a. 
figure 5.8: Scanning confocal microscope image of ground MnZn ferrite. 
The left image shows the ground surface of MnZn ferrite using the 50x objective lens. The
line profiles, on the right hand, are obtained from the surface using a magnification of 20.
The conclusion can be drawn that the difference between the roughness perpendicular to a 
and the roughness along b the grinding direction is less pronounced compared to the ground
surface of more ductile materials.  
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By fitting a Gaussian distribution, it is evident that the distribution has a 
negative skewness (Rsk<-1.0), which can also be seen from the line profiles. This 
skewness is explained by the pullout of grains. In figure 5.9b, the bearing curve 
is shown, and it can be seen that the holes in the surface reaches up to 16 µm 
below the surface, i.e. approximately one grain size. It can also be noticed that 
50% of the surface lies at a depth between 0 µm and 4 µm, while the remaining 
surface is distributed from 4 µm up to 16 µm below the highest point on the 
surface. 
 The roughness parameters were calculated as well as the height-height 
correlation function with accordingly the Hurst exponent H and lateral 
correlation length ξ by the average over 512 and 150 lines respectively, after 
filtering (see chapter 2). The estimated errors are based on the standard 
deviations and are high because of fracture at the surface. A 20x/0.46 objective 
is chosen to be able to filter out the long wavelengths as specified by the DIN 
standard. The average roughness values Ra and Rz are much higher compared 
to the roughness values of ground cemented carbides (chapter 4) and are listed 
in table 5.1. The difference between the roughness values that are measured in 
perpendicular direction and the values in parallel direction is negligible. It is 
expected that the variation in roughness for the different grinding wheels (D46 
figure 5.9: Height distribution and bearing curve. 
From the height distribution of the ground ferrite surface and the fitted Gaussian
distribution, one may conclude that the distribution has a negative skewness because of the
pullout of grains. For this particular distribution, the grinding parameters were: D46
grinding wheel and depth of cut dcut=6 µm. A magnification of 50 is chosen with a field size
of 280x264 µm. At least 20 characteristic lengths ξ are included in this area. 



































and D91) would be higher because the shearing out of grains, i.e. pullout, is 
depend on the ratio of the abrasive grains size on the grinding wheel with 
respect to the size of the MnZn ferrite grains which was also reported for 
scratching the surface (section 5.3) [18].  
 
table 5.1 Roughness values of ground  MnZn ferrite for different 
grinding wheels, D46 and D91. The processing parameters are vs=30 m/s, 
vw=6 m/min. 
wheel aR ⊥  (µm) zR ⊥  (µm) aR   (µm) zR   (µm) H⊥  ξ⊥  (µm) 
D46  1.5 ± 0.5  5.6 ± 1.4  1.4 ± 0.3  5.5 ± 1.2  0.58 ± 0.01  10.0 ± 0.5 
D91  1.4 ± 0.4  5.1 ± 1.1  1.3 ± 0.4  5.1 ± 1.3  0.60 ± 0.01  10.6 ± 0.6 
 
The height-height correlation function G(r) is demonstrated in figure 5.10. The 
Hurst exponent H and the correlation length ξ is determined from this height-
height correlation function. In contrast to the morphology of the ground surface 
of the more plastically deformable materials, the Hurst exponent is significantly 
lower ( 0.60H ≅ ), which indicates that the formation of the topography 
resembles a random process. This can be explained by the pullout of ferrite 
figure 5.10: Height-height correlation functions G(r) of the ground topography. 
Only a small variation in roughness is observed from the correlation function of the ground
ferrite surfaces for different grinding wheels.  = D46, = D91. The Hurst exponent H is
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grains, which makes the surface look like a fracture surface. Further, the 
correlation length corresponds more to the average size of the ferrite grains 
rather than to the average size of the abrasive grains on the grinding wheel and 
to the effective distance between the grains.  
5.4.3. Magnetic measurements of ground MnZn Ferrites  
The magnetic permeability was measured using magnetic rings of the MnZn 
ferrite. The permeability was measured at 4 kHz, 75 mV as a function of 
temperature (see chapter 2, page ). The thickness of the ferrite rings are varied 
in order to understand the effect of a damaged zone that was induced by the 
grinding process, i.e. roughness and (high) residual stresses, on the effective 
permeability. The depth to which the damage reaches is kept constant, because 
the same grinding conditions (D91, vs=30 m/s, vw=3 m/min, dcut=2 µm) are 
used for all the rings. As a consequence, when the ring becomes thinner, the 
undamaged region gets thinner, resulting in a smaller effective permeability. 
The results of the experiments are displayed in figure 5.11. The initial 
permeability is decreasing with decreasing ring thickness, which is explained 
above. The estimated elastic-plastic region reaches up to 50 µm (appendix 3A), 
which leads to an affected cross-section of 10% in the case of 980 µm thick rings 
up to 37% for the 270 µm rings. In the next section 5.5, the change in 
permeability will be explained by the residual stresses that are caused by the 
figure 5.11: Magnetic permeability versus temperature for diverse ring thicknesses. 
The effective magnetic permeability of MnZn ferrite decreases with decreasing ring thickness
because the influence of the region that is affected by the residual stress is higher with respect
to the region with the bulk magnetic permeability. The former region has a fixed thickness






















grinding process. The 3D-model is used to simulate the stresses (appendix 3A) 
and by using the calculated stresses, the change in permeability is determined 
(appendix 3B). It should be mentioned here that there is an essential difference 
in magnetostriction above and below the secondary maximum ( 80 C≅ ° ) of the 
( )Tµ  curve. For temperatures lower than the secondary maximum (sec. max.) 
the preferential magnetisation direction is <111> and 111 ( 0)λ >  is the 
predominant magnetotriction constant. Above the sec. max. the preferential 
magnetisation direction is <100> and therefore 100 0λ <  is the predominant 
magnetotriction constant. Besides, above the sec. max., the magnetocrystalline 
anisotropy is smaller than below this temperature, therefore the stress 
anisotropy becomes relatively more important [10]. As a result, the grinding 
induced stresses causes the ( )Tµ  to cant around a point near its maximum 
arising from the compensation of the magnetocrystalline anisotropy. 
5.4.3. Recovery of the properties of MnZn ferrite by annealing  
Annealing experiments are carried out to study the recovery of the original 
properties of MnZn ferrite. During the annealing process, stresses are relieved 
by the stimulated movement of dislocations and diffusion of atoms, voids etc. 
Therefore, the number of small defects like voids and vacancies will be reduced. 
Positron annihilation experiments are performed at the Interfacultair Reactor 
figure 5.12: Influence of annealing on the subsurface damage. 
The original bulk properties can be recovered by annealing the MnZn ferrites. The graph on
the right hand shows the effect of annealing on the permeability; the left graph shows the S-
parameter (~amount of damage) versus the penetration depth (energy) of positrons in the
surface at different annealing temperatures. The annealing took place at 1000 °C for 2 hours
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Institute (IRI), University of Delft to quantify the number of defects at the 
machined surface and to study the effect of annealing on the defects. The so-
called S parameter is used as a measure for the amount of defects versus 
penetration depth, i.e. energy of the positrons.  
In figure 5.12a the sintered, the ground surface and the annealed surface (after 
grinding) are compared using the S-parameter. From the graph, one may 
conclude that the number of defects is reduced after annealing at 1000 °C for 2 
hours. It can also be seen that the damage near the surface is higher for all of the 
specimens and decreases as the penetration depth of positrons becomes higher. 
A similar approach is used to measure the effect of annealing on the recovery of 
the magnetic permeability. In figure 5.12b, it is shown that the permeability is 
almost fully recovered. The remaining differences can be ascribed to the cracks 
caused by the grinding process.  
 5.5 MODELLING OF THE GRINDING PROCESS OF CERAMIC MATERIALS 
A different approach is needed to simulate the granular structure of the MnZn 
ferrite, because of the pullout of grains and brittle fracture of chips during the 
grinding process. The structure can be modelled using a 3D Voronoi tessellation 
with polyhedrons using the Qhull algorithm [35,36] and using a proper 
distribution of the centres of mass of the grains in the ferrite [37-,38,39,40]. After 
the material itself is modelled, the grinding process will be simulated. The two-
dimensional Voronoi diagram in figure 5.13 was made using a random 
distribution of points, with spacing between the points r at least R. Comparing 
the diagram with the microstructure of ferrite in figure 5.1, one may conclude 
that the diagram and the microstructure are somewhat similar. It should be 
noted that the two-dimensional Voronoi tessellation cannot be used as a cross-
section of a three-dimensional diagram because the mass-middle points are 
essentially distributed in a different way. The distribution of the 3D Voronoi is 
based on a hexagonal closed packed lattice. The lattice is randomised by 
moving each grid point with an average deviation of 10% from its original 
position. 
First, the rigid-perfectly plastic model is used to calculate the overall 
morphology for the selected processing parameters (chapter 3). Then this 
surface topography is laid over the distribution of the centres of mass of the 
Voronoi diagram. From this overlay, it is decided which of the ferrite grains is 
pulled out (facture) and which of the grains is cut (or plastically deformed) as 
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indicated in figure 5.13. Then the total topography is determined by 
superposition of the partly plastically deformed surface and partly fractured 
surface. It should be noted here that an arbitrary selection criterion is used, i.e. 
if the centre of mass of the grain is located above the ideal ground surface, the 
grain will completely result in fracture/pullout of that part of the surface. If the 
centre of mass is below the ideal ground surface, then the grains are plastically 
deformed. This may be justified by the fact that when the largest area or largest 
volume of the grain is above the enveloping profile, it is likely that it will be 
pushed out of the surface. However, a proper criterion should be found from 
the bonding strength between the grains under normal load and a shear cutting 
force. Changing this criterion will result in a different fraction of plastically 
deformed material with respect to the amount of material that was removed by 
brittle fracture or pullout of grains. Therefore, also the correlation length along 
the surface is likely to vary with different criteria. In the present study, this 
fraction of plastic deformed material and fractured MnZn ferrite comes out 
quite well compared by the real grinding experiments by this assumption. 
However, for other grinding conditions a more careful study should be carried 
out in order to find the proper removal criteria.  
The simulated surface topography is presented in figure 5.14. The pits due to 
the pullout of ferrite grains, as well as the plastically deformed regions are 
figure 5.13: Schematic picture of the simulation procedure. 
The cross-section of a polycrystalline ferrite simulated by a Voronoi tessellation. The
solution of the rigid, perfectly plastic model, i.e. the dashed line, is put on the Voronoi
diagram. Then part of the grains is removed by brittle fracture and pullout; i.e. all the grains
with the mass-middle point above the dashed line, i.e. the light shaded grains. From some
ferrite grains, a part of material is plastically removed, the dark grains. The resulting
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clearly visible in both, the simulated and experimental image, as indicated in 
the figure. From the resulting topographies, the roughness values Ra and Rz are 
determined from the two-dimensional profiles in the traverse direction and the 
direction parallel to the grinding direction. The results are listed in table 5.2. 
The conclusion may be drawn that the simulated surface resembles the 
roughness quite well. However, some of the roughness values of the 
experimental surfaces are slightly higher. This can be understood by the 
presence of pores in the MnZn ferrite after sintering. Due to those pores, the 
calculated roughness may be higher, especially for the Rz amplitude values. 
Only small differences are found between the two directions, mainly because of 
the shearing out of grains. Some effect of the grinding direction can be seen on 
the ground surfaces, in particular in the plastically deformed regions. These 
effects are negligibly small compared to the overall roughness. The one-
dimensional model of chapter 2 would predict a surface roughness of 
, 0.50 µmzR =  and , 2.5 µmzR ⊥ = , which is obviously too low compared to the 
values in table 5.2. This is easily be explained by the brittle fracture at the 
surface which is not accounted for in the one-dimensional models (chapter 2).  
 
figure 5.14: Experimental and simulated surface of ground polycrystalline ferrite. 
The resulting topography of ground ferrite, left: experimental (see also figure 5.6b), right:
simulated by the model by applying the following grinding parameters vs=30 m/s, vw=3
m/min, dcut=3 µm and a D91 wheel with a diameter Dwheel=25 cm. Here, a three dimensional
Voronoi tessellation is used in contrast to the one imaged in figure 5.13. The holes due to the








table 5.2 Roughness of the simulated surfaces and the experiments 
using vs=30 m/s, vw=3 m/min, dcut=3 µm and a D91 wheel 
 aR ⊥  (µm) zR ⊥  (µm) aR   (µm) zR   (µm) 
exp.  1.84 ± 0.36  9.14 ±1.03  1.95 ± 0.41  6.77 ± 0.35 
sim.  1.82 ± 0.43  4.66 ± 0.73  1.67 ± 0.19  6.66 ± 1.02 
 
The residual stresses induced by the grinding process are simulated by the 
method described in chapter 3. It should be mentioned that the calculated 
residual stresses could not be compared with measured X-ray residual stresses. 
The residual stress, measured by X-ray diffraction is much lower because of the 
relaxation of stresses by cracks and pullout of grains from the surface 
( 500 MPaxrayσ ≈ − ). The penetration depth of X-rays is of similar size as the 
surface roughness. As a consequence, the measured stress is an average value 
over the measured volume, which means that relaxed and stressed parts of the 
surface are averaged. It should also be mentioned that the model does not 
figure 5.15: Simulated normal residual stress versus depth below the surface. 
The residual stress field is calculated under the assumption of a homogeneous material (see
chapter 3). The stress in the direction normal to the surface σz is calculated. The maximum
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consider relaxation processes, i.e. the stress is calculated for the elastic-plastic 
case using the mechanical properties of the MnZn ferrites. The latter is justified 
under the assumption that the material is first deformed plastically and then 
cracks along the grain boundaries occur. The cracks may cause pullout of 
individual grains. The outcome of the calculated residual stress, using the three-
dimensional model (appendix 3A) is shown in figure 5.15. The maximum 
residual stress is approximately 1.6 GPa. It can also be seen that the residual 
stress in the direction normal to the surface vanishes at the machined surface, as 
often assumed in biaxial X-ray residual stress measurements.  
The change in magnetic permeability is determined by the method described in 
appendix 3B, in which the magnetic permeability is related to the residual stress 
by the magnetostriction. The average residual stress is calculated in the two first 
regions defined in appendix 3B, i.e. the rough surface and a layer containing 
residual stress. Equation (3.10), (3.11) and (3B.3) are then used to calculate the 
effective contribution effiµ of each of the regions to the total permeability. As can 
be seen from the result in table 5.3, the contribution to the total initial 
permeability of the first two layers, i.e. the damage zone, is higher for the 
smaller rings as explained before. The contribution of the rough surface is 
almost negligibly small because the permeability of air is very low compared to 
the permeability of MnZn ferrite. Furthermore, the contribution of the elastic-
plastic zone is also very low. As one may conclude that the total effective 
permeability of the rings is mainly depending on the size of the undamaged 
zone. Therefore, already a reasonable estimate can be calculated using the size 
of the plastic zone during grinding, i.e. a magnetic ‘dead’ layer.  
 
table 5.3 Magnetic permeability of MnZn ferrite as a function of ring 
thickness at room temperature. The index I,II,III is referring to the 













980  2.4± 0.3 21± 5 2.22 ±0.05 2.25 ±0.05 2.38 ±0.12 
570  4.3± 0.5 36± 8 2.04 ±0.05 2.08 ±0.05 2.28 ±0.11 




5.6 DISCUSSION AND CONCLUSIONS 
Our principle aim in this chapter was to show how the grinding process may 
have a serious influence on the morphology of ceramics and how it affects the 
magnetic permeability of MnZn ferrite. It is shown that scratch tests can be used 
to simulate the grinding process. The removal behaviour in both cases, the 
individual scratches and the grinding process, is very similar. It is 
demonstrated that the material removal of MnZn ferrite is mainly via chip 
formation and pullout of grains. In addition, cracks with a length in the order of 
a grain size are formed at the surface. Calculations proved that those cracks 
only reach a depth of one or two grains. It is shown that the ratio between the 
indenter c.q. abrasive grain and the grains in the material determines the 
removal behaviour. In the case that both are almost equal in size, the 
microstructure of the material should be considered in the description and 
models of the removal process. In order to avoid cracks at the surface, one 
should rather use a grinding wheel with a smaller grain size then changing the 
processing parameters. 
The roughness of the ground ferrites was measured by scanning confocal 
microscopy. Confocal microscopy was employed because other techniques fail 
to detect steep slopes and ridges because of the tip size effect. The ground 
surface of MnZn ferrite is much rougher than the ground surface of cemented 
carbide, which was explained by the shearing out of grains. For this reason, also 
a large negative skewness of the height distribution of the topography was 
found. The line-profiles perpendicular and parallel to the grinding direction 
observed on the ground surfaces are very similar, and no smooth grooves are 
seen. The calculated Hurst exponent was close to 0.5, which indicates that the 
roughness formation during the grinding process of the ceramic is a random 
process compared to the grinding process of cemented carbide. The correlation 
length in both directions corresponds to the average grain size of the ceramic 
rather than the average abrasive grain size on the grinding wheel. 
Magnetic measurements on MnZn ferrite rings of different thickness proved 
that the grinding process has a certain influence on the effective permeability. 
The influence of the affected zones was relative higher for the thinner rings. 
This can be explained as follows: the contribution of each region to the effective 
permeability is related to the relative size of the cross-section, i.e. as the ring is 
thinner and the cross-sectional area of the damaged zone is constant, the 
relative contribution of such zone to the permeability is higher. The properties 
  GRINDING OF MNZN FERRITE 
  129 
of the ferrite could almost be recovered by annealing. This is shown by positron 
annihilation experiments and by magnetic measurements on the MnZn ferrite, 
which indicates that the machining induced residual stress is the cause of the 
change in magnetic permeability. However, there might be an influence of the 
cracks at the machined surface that are caused by the grinding process. Those 
cracks cannot be recovered by annealing.  
A model was developed to simulate the ground surface of ceramics. First, the 
microstructure was modelled by a Voronoi tessellation, then the rigid perfectly 
plastic model is used to simulate the enveloping profile for a set of grinding 
conditions. In the next step, the Voronoi diagram is compared with the 
calculated enveloping profile and an assumption is made that all the grains 
with the centre of mass above the surface, simulated by the enveloping profile, 
are removed by pullout, and the rest of the grains are plastically deformed. The 
resulting topography is in good agreement with the measured topographies for 
the roughness parameters as well as for the amount of plastic deformation on 
the surface. It is clear that the one-dimensional model (chapter 2) will fail 
because no material removal behaviour and random distribution of abrasive 
grains is included in this model. 
The residual stresses are calculated in the direction normal to the surface using 
the model proposed in chapter 3. The residual stresses could not be measured 
by X-ray diffraction because relaxation processes like pullout, fracture and 
cracks lead to a large variation of stresses along the surface. Since X-ray 
diffraction is an averaging technique over the considered volume, the measured 
values are much lower than expected from the applied stresses. In addition, the 
results could not be compared with the simulated stresses because in X-ray 
residual stress measurements a biaxial stress state is assumed which means that 
the stresses are measured along the surface whereas the simulated stresses are 
calculated in the normal direction to the surface. The assumption of a biaxial 
stress state is realistic as shown from the calculated normal stresses, which 
vanishes at the ground surface. 
The calculated stresses are used to estimate the change in magnetic 
permeability using the method described in chapter 3. Unfortunately, only the 
average values of the magnetostriction and magnetic saturation at room 
temperature are used. Therefore, the results could not be compared for higher 
temperatures, at which the change in permeability after grinding was higher. 
However, a qualitative comparison between the experimental values and the 
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simulated magnetic permeability show that the results are in good agreement. It 
is demonstrated that the change in permeability may be ascribed to the induced 
residual stresses, which is confirmed by annealing experiments. The 
permeability at the surface is negligibly small. Further, the permeability of the 
elastic–plastic region is very low, which is often referred to as the magnetic 
‘dead’ layer.  
In conclusion, it is shown that the model proposed in chapter 3 can be used to 
predict qualitatively changes in functional properties of materials. 
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SUMMARY 
This thesis describes the research on the fundamental and physical aspects of 
the grinding process of hard and brittle materials. Grinding can be interpreted 
as a controlled wear process. During the grinding process, material is deformed 
and removed from the workpiece by the abrasive grains on the grinding wheel. 
A disadvantage of the grinding process is the induced mechanical damage at 
the machined surface, which in turn may change the functional properties (i.e. 
strength, magnetic permeability or piezoelectric properties) of the ground 
material. Although the grinding process has a significant influence on these 
material characteristics, it is often used during the production of many products 
to meet the (size) specifications, because this type of machining process 
combines a high removal rate with a high precision. 
The objective of this research is to develop a physical model in order to explain 
and predict the change in functional properties. Besides that, such a model can 
be used to optimise the grinding process. Two different materials, cemented 
carbide and MnZn ferrite, were used in order to verify the grinding model.  
The grinding model 
In this thesis, a three-dimensional grinding model is proposed to simulate the 
grinding process of plane surfaces. In literature, mainly one-dimensional mod-
els have been proposed to calculate the roughness (amplitude) values of the 
ground surface. Because the geometry of a grinding wheel has a direct influence 
on the topography of a ground surface, the (mathematical) description of the 
grinding wheel and the distribution of abrasive grains is an essential step dur-
ing the simulation. The model assumes a random distribution of grains on the 
wheel. The average shape of the grains is a ellipsoid where the principle axes 
have random lengths by which the average grain size can be controlled. The 
material removal behaviour depends on the shape of the grains and mechanical 
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response of the material. For example, a blunt indenter causes a ploughing be-
haviour in contrast to a sharp indenter, which cuts the material. The statistics of 
the grinding wheel, i.e. grain and grain size distributions are measured by 
scanning confocal microscopy and electron microscopy. 
After the grinding wheel is simulated, the topography of the ground surface 
can be calculated from the equations of motion of abrasive grains and the 
workpiece. The movements of all the abrasive grains are transformed from the 
coordinate system of the wheel to the coordinate system of the workpiece. The 
simulation of the grinding process can be interpreted as the superposition of 
individual scratches, i.e. the so-called ‘unit events’, on the surface. The forces 
acting on the workpiece during the grinding process are also simulated. The 
residual stresses at the machined surface are increased (compressive) because of 
the mechanical deformation. The stresses are calculated from an indentation 
model of a cylinder by the assumption that the stresses applied during a scratch 
are similar as the stresses applied by an expanding cylinder. The change in 
functional properties can be estimated because many functional properties are 
related to the residual stress state. For example, the change in magnetic 
permeability can be determined since this property is related to the (residual) 
stress by a phenomenon called magnetostriction. 
Grinding of cemented carbides 
Cemented carbide is a material that is often used as a cutting tool because of its 
wear resistance and hardness. Cobalt – tungsten carbide consists of ceramic 
carbide grains bond together by a cobalt binder. The wear resistance and 
hardness is related to the microstructure, i.e. the size and distribution of the 
tungsten carbide grains, and can be described in terms of binder free distance. 
In this research, it is shown that grinding this material results in damage in the 
tungsten carbide grains and plastic deformation of the cobalt binder at the 
machined surface.  Cross-sections of the ground, cemented carbides, 
perpendicular to the grinding direction are studied by electron microscopy. A 
deformed and detached surface layer was found on top of the specimens after 
surface grinding with a diamond wheel. In order to determine aspects of 
material removal various routes were followed. Etching the surface layer 
revealed tungsten carbide grains in the subsurface of the machined samples. 
Most of these grains were plastically deformed by prismatic slip in the 
hexagonal lattice of tungsten carbide. Also cracks were found in these grains. 
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Further, the increase in residual stress due to the grinding process was exam-
ined by X-ray diffraction. The stress increases to a maximum stress in the car-
bide grains before the relaxation occurs by slip and cracking. It should be noted 
that the X-rays have a limited penetration depth in cemented carbide and there-
fore the stress is measured mainly in the deformed surface layer. The surface 
roughness after grinding was measured by scanning confocal microscopy. The 
results are compared with the results of the grinding model and it is shown that 
there is a good agreement. It is also shown that the one-dimensional model will 
fail in some cases where the three-dimensional model is successful. The model 
was also used to calculate applied stresses during the grinding process and the 
residual stresses (in normal direction). The deformed surface layer was 
explained using the calculated applied stresses. 
Grinding of MnZn ferrite 
MnZn ferrite is a material with excellent magnetic properties. Therefore, it is 
often used for magnetic coils, recording devices, etc. SEM studies of the ground 
surface of ferrite showed that the material is mainly removed by pullout of sin-
gle grains and brittle fracture of chips of material. For that reason the removal 
behaviour cannot be described by a rigid-perfectly plastic materials response 
and a new approach is needed to simulate the grinding process of such brittle 
materials. First, a three-dimensional Voronoi diagram is created, which simu-
lates the granular microstructure of MnZn ferrite. Then, the enveloping profile 
is calculated by the grinding model, like the calculations that were performed to 
simulate the ground surface of cemented carbide. The result is projected on the 
Voronoi-cells. Next, it is assumed that all cells, i.e. grains, with its centre of 
mass above the cutting profile are removed by brittle fracture of pullout. All the 
grains below are deformed according the cutting path. Finally, the topography 
of a ground ceramic surface is obtained. The residual stresses can be calculated 
using a model for an expanding cavity in an elastic-plastic medium. Because the 
magnetic permeability is affected by the residual stresses, the change in perme-
ability can be estimated. The measured and simulated values of ground MnZn 
ferrite rings are in good agreement. 
Conclusions 
In this thesis, it is shown that the change in materials properties due to the 
grinding process can be predicted by a new, three-dimensional, physical model. 
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SAMENVATTING 
Dit proefschrift beschrijft het onderzoek naar de fysische aspecten van het slijp-
proces van harde en brosse materialen. Slijpen kan worden opgevat als het ge-
controleerd slijten van materiaal. Gedurende het slijpproces wordt een werk-
stuk vervormd door de slijpkorrels op het slijpwiel. Tijdens deze deformatie 
wordt materiaal verwijderd van het werkstuk, maar daarnaast is het mogelijk 
dat gelijktijdig schade wordt aangebracht aan het oppervlak. Deze schade kan 
zowel bestaan uit mechanische schade als uit een verandering van functionele 
eigenschappen. Voorbeelden van mechanische schade zijn het ontstaan van 
scheuren in het oppervlak, plastische vervormingen en verandering van sterkte 
van het materiaal. Bij de functionele eigenschappen valt te denken aan magneti-
sche en piëzo-elektrische eigenschappen. Ofschoon het slijpproces een signifi-
cante invloed kan hebben op de eigenschappen van een geslepen oppervlak, 
wordt dit proces vaak toegepast tijdens de fabricage van producten omdat de 
maatvoering vanuit het productieproces vaak niet voldoende nauwkeurig is. 
Dit type bewerkingsproces heeft twee voordelen. Het bewerkingsproces is snel 
en heeft een hoge graad van nauwkeurigheid.  
Het doel van dit onderzoek is het ontwikkelen van een fysisch model dat de 
veranderingen in materiaaleigenschappen kan voorspellen en optimalisatie van 
de procesvariabelen mogelijk maakt. Het model wordt vervolgens geverifieerd 
aan de hand van slijpexperimenten met twee verschillende materialen namelijk 
kobalt–wolfraamcarbide en mangaan zink ferriet. 
Het slijpmodel 
In deze dissertatie wordt een driedimensionaal model voorgesteld voor het si-
muleren van het slijpproces van platte oppervlakken. In de literatuur zijn 
overwegend eendimensionale modellen behandeld. Doordat de geometrie van 
een slijpwiel directe invloed heeft op de topografie van het geslepen oppervlak, 
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is de correcte mathematische beschrijving van het wiel een cruciale stap in de 
simulatie. Het model gaat uit van een willekeurige distributie van slijpkorrels 
op het slijpwiel. De gemiddelde vorm van een korrel kan worden beschreven 
door een ellipsoïde waarbij de drie radii willekeurige lengtes hebben. Hierdoor 
kan de korrelgrootte worden gevarieerd. De wijze waarop het materiaal rea-
geert op het krassen van de slijpkorrel, wordt voornamelijk bepaald door de 
vorm van de slijpkorrels en de mechanische eigenschappen van het materiaal. 
Een stompe korrel ploegt het materiaal om in tegenstelling tot een scherpe 
slijpkorrel welk een snijdende werking  heeft. De verdeling en de gemiddelde 
grootte van de korrels werden gemeten met behulp van een confocale micro-
scoop en een elektronenmicroscoop.  
Nadat het slijpwiel is gesimuleerd, kan de topografie van een geslepen opper-
vlak worden berekend met behulp van de bewegingsvergelijkingen van het 
slijpwiel en het werkstuk. Voor deze berekening wordt een coördinatentrans-
formatie uitgevoerd van het coördinatensysteem van het slijpwiel naar het sys-
teem van het werkstuk. De simulatie kan worden opgevat als de superpositie 
van ‘unit events’; de afzonderlijke krassen op het oppervlak. Ook de krachten 
die tijdens het slijpproces op het werkstuk worden uitgeoefend kunnen worden 
gesimuleerd. Door de mechanische deformatie zal na het slijpen de restspan-
ning in het materiaal zijn toegenomen. Deze spanning kan worden berekend 
door aan te nemen dat het krassen op het oppervlak kan worden benaderd door 
indentaties in het oppervlak. Wanneer de restspanning is berekend, kan de ver-
andering van andere materiaaleigenschappen worden geschat, doordat deze 
eigenschappen vaak worden beïnvloed door spanningen in het materiaal. Zo 
kan onder andere de verandering in magnetische permeabiliteit worden be-
paald, omdat deze eigenschap is gerelateerd aan de (rest)spanningen in het ma-
teriaal via de magneto-elastische constanten.  
Het slijpen van kobalt–wolfraamcarbide 
Kobalt–wolfraamcarbide is een materiaal dat vaak wordt gebruikt voor boren 
en beitels vanwege de hoge slijtvastheid en hardheid van deze materialen. Ko-
balt–wolfraamcarbide bestaat uit keramische wolfraamcarbide korreltjes bij-
eengehouden door een metalen bindmiddel, kobalt. De microstructuur, dat wil 
zeggen de grootte en verdeling van de wolfraam carbide korrels, beïnvloedt de 
hardheid en slijtvastheid van een materiaal. Deze kunnen worden beschreven 
in termen van vrije weglengte in de kobalt fase. In dit onderzoek is aangetoond 
dat het slijpen van dit materiaal leidt tot schade in de wolfraamcarbide korrels 
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en tot plastische deformatie van het kobalt bindmiddel. Door dwarsdoorsneden 
te maken van het geslepen materiaal, loodrecht op de slijprichting, kan de in-
vloed van het slijpen op het oppervlak worden bestudeerd. Met behulp van 
elektronen microscopie is uit dit onderzoek gebleken dat op het geslepen op-
pervlak een gedeformeerde laag ligt van ongeveer 1.5 µm dikte, bestaande uit 
gefragmenteerde wolfraamcarbide deeltjes en uitgesmeerd kobalt bindmiddel 
met wolfraamcarbide. Het ontstaan van deze laag kan worden verklaard aan de 
hand van de aangebrachte spanningen tijdens het slijpproces. Om deze laag te 
verklaren werden de spanningen gesimuleerd met behulp van het ontwikkelde 
fysische model, met als resultaat dat het spanningsveld op deze diepte een 
maximum heeft boven de treksterkte van kobalt–wolfraamcarbide. Door de 
laag weg te etsen, kunnen de wolfraamcarbide korrels onder deze laag worden 
bestudeerd. Daarbij blijkt dat een groot deel van deze deeltjes plastisch is gede-
formeerd door beweging van dislocaties op de prismatische kristalvlakken. Ook 
is geconstateerd dat een deel van deze korrels was gebroken.  
Met behulp van Röntgendiffractie werd de restspanning in de wolfraam-
carbidefase bepaald. De resultaten laten zien dat de gemeten restspanningen 
onafhankelijk zijn van de aangebrachte spanning tijdens het slijpproces. Dit kan 
worden verklaard doordat Röntgenstraling een relatief lage indringdiepte heeft, 
waardoor hoofdzakelijk wordt gemeten in het via scheuren gerelaxeerde deel 
van het materiaal. De ruwheid van de geslepen oppervlakken werd gemeten 
met een confocale microscoop en werd vergeleken met de resultaten van het 
model. De parameters die de amplitude van de ruwheid beschrijven stemmen 
in hoge mate overeen. Echter, de parameters die de laterale ruwheid beschrij-
ven wijken enigszins af, omdat een nauwkeurige beschrijving van materiaalge-
drag ontbreekt. 
Het slijpen van mangaan zink ferrieten 
Mangaan zink ferriet is een keramisch materiaal met zeer goede magnetische 
eigenschappen. Dit materiaal wordt onder andere gebruikt voor magnetische 
spoeltjes. Wanneer het materiaal wordt geslepen, blijkt uit de studie met de 
elektronenmicroscoop, dat het materiaal overwegend via brosse breuk en het 
uitbreken van losse korrels van het werkstuk verwijderd wordt. Hierdoor is het 
materiaalgedrag niet goed te beschrijven als perfect plastisch en daarom is een 
andere aanpak vereist. Hiertoe is eerst een Voronoi-cel-diagram geconstrueerd, 
welk het gesinterde polykristallijne ferriet voorstelt. Daarna is het slijpprofiel 
berekend voor het ideaal plastisch materiaalgedrag, zoals werd gedaan voor het 
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wolfraamcarbide. Het resultaat hiervan is over de Voronoi cellen gelegd. Ver-
volgens is aangenomen dat alle cellen boven het berekende profiel zijn verwij-
derd door brosse breuk en dat alles onder het profiel plastisch is gedeformeerd. 
De restspanningen kunnen worden berekend met behulp van het model en 
daarna kan de verandering in magnetische permeabiliteit worden geschat. De 
resultaten van het model stemmen zowel voor de ruwheidsmetingen als voor 
de magnetische permeabiliteit in hoge mate overeen met de gemeten waarden 
van de experimenteel geslepen MnZn ferrieten. 
Conclusies 
In dit proefschrift is aangetoond dat het mogelijk is om veranderingen in mate-
riaalgedrag door een slijpproces te voorspellen op basis van een nieuw fysisch 
model.  Het model is gevalideerd met behulp van microscopische waarnemin-
gen, spanningsmetingen en ruwheids metingen. 
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